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The Virtual Landscape of Geological Information 
Topics, Methods, and Rhetoric in Modern Geology 
 
Sarah Elizabeth Fratesi 
ABSTRACT 
Geology is undergoing changes that could influence its knowledge claims, 
reportedly becoming more laboratory-based, technology-driven, quantitative, and 
physics- and chemistry-rich over time. This dissertation uses techniques from information 
science and linguistics to examine the geologic literature of 1945-2005. It consists of two 
studies: an examination of the geological literature as an expanding network of related 
subdisciplines, and an investigation of the linguistic and graphical argumentation 
strategies within geological journal articles.  
The first investigation is a large-scale study of topics within articles from 67 
geologic journals. Clustering of subdiscipline journals based on titles and keywords 
reveals six major areas of geology: sedimentology/stratigraphy, oceans/climate, solid-
earth, earth-surface, hard-rock, and paleontology. Citation maps reveal similar 
relationships. Text classification of titles and keywords from general-geology journals 
reveals that geological research has shifted away from economic geology towards 
physics- and chemistry-based topics. Geological literature has grown and fragmented 
(“twigged”) over time, sustained in its extreme specialization by the scientific 
collaborations characteristic of “big science.” 
The second investigation is a survey of linguistic and graphic features within 
geological journal articles that signal certain types of scientific activity and reasoning. 
Longitudinal studies show that “classical geology” articles within Geological Society of 
America Bulletin have become shorter and more graphically dense from 1945-2005. 
Maps and graphs replace less-efficient text, photographs, and sketches. Linguistic 
  ix
markers reveal increases in formal scientific discourse, specialized vocabulary, and 
reading difficulty. Studies comparing GSA Bulletin to five subdiscipline journals reveals 
that, in 2005, GSA Bulletin, AAPG Bulletin, and Journal of Sedimentary Research had 
similar graphic profiles and presented both field and laboratory data. Ground Water, 
Journal of Geophysical Research – Solid Earth, and Geochimica et Cosmochimica Acta 
had more equations, graphs, and numerical-modeling results than the other journals. 
The dissertation concludes that geology evolves by spawning physics- and 
chemistry-rich subdisciplines with distinct methodologies. Publishing geologists 
accommodate increased theoretical rigor, not using classic hallmarks of hard science 
(e.g., equations), but by mobilizing spatial arguments within an increasingly dense web of 
linguistic and graphical signs. Substantial differences in topic, methodology, and 
argumentation between subdisciplines manifest the multifaceted and complex 
consistution of geology and geologic philosophy. 
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Chapter 1 
 
1. Introduction 
Geology is changing. This observation should hardly be surprising, because 
science itself is only a few hundred years old, and its history is marked with the kinks and 
bifurcations of new discoveries, new paradigms, methodological fashions, and changing 
societal demands. However, we scientists tend to believe vaguely that scientific 
knowledge is superior to other forms of knowledge because it adheres to reasoning 
methodologies that transcend the vagaries of chance, fashion, and history. According to 
this tradition, an erroneous but unshakable relic of the logical-positivist school of thought 
(Hacking, 1981), nature reveals itself gradually, piece by piece, and we can only follow 
where the theoretical demands of the science lead us. 
This story of scientific progress is a myth. Brief reading of almost any well-
constructed history of science reveals that the development of science is molded to its 
circumstances. Geology is no exception. Its development necessarily coincided with ages 
of exploration, fueled by the mass of observations brought in from newly discovered 
places (Pyne, 1978; Goetzmann, 1986). Important geologic evidence pointing towards a 
very old Earth could not gain universal acceptance until radioactivity was discovered by 
physicists (Burchfield, 1975). Paleontologists rely on serendipity for even the most 
brilliant of discoveries (e.g., Gould, 1989; Shipman, 1998). 
Studies of geology’s history or philosophy tend to focus on events prior to the 
twentieth century, with the exception of those that relate to the plate tectonics revolution 
(e.g., Hallam, 1973; LeGrand, 1988; Stewart, 1990; Oreskes, 1999; Oreskes and 
LeGrand, 2001). However, there are plenty of changes in circumstance that might have 
impacted geology during the twentieth century. Much of the seafloor bathymetric and 
magnetic data that revealed the seafloor-spreading phenomenon was gathered for the 
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purpose of submarine-hunting by the U.S. Navy (Oreskes and LeGrand, 2001). The space 
race and ultimate lunar expeditions instigated a new fervor in the science, and geologists 
began to look at the Earth from an extraterrestrial viewpoint (Oldroyd, 2002). 
Subdisciplines have gone in and out of fashion (e.g., paleontology; see Cooper, 1958; 
Lane, 1989; Radenbaugh, 2005). The development of digital technologies allows 
geologists to probe into problems, both new and old, with increased capacity to handle 
multiple variables and high complexity (Loudon, 2000). Increased competition for tenure 
and funding in universities is pressuring geologists to produce shorter, less-
comprehensive studies (Turner, 2000). 
These changes have clearly impacted the future directions of research in geology. 
However, it is also possible for these events to have impacted the logical basis for 
geology. If they have, then we must adjust our notions of how geological knowledge is 
created so that we can accurately represent our science to other geologists, to students, 
and to others who evaluate geological research. To better prepare students for the real 
tasks of modern geology; to channel funding towards geologic research of real substance; 
and to achieve true mobilization of geologic theories through effective rhetoric—all are 
elements that improve geology. We must have an accurate, current description of the 
work of geologists today to bring these things into being. As a step in that direction, this 
dissertation is an examination of changes in the discipline of geology as embodied in the 
scientific literature from two perspectives: at the macro scale, considering how the entire 
geological community functions as a whole, and at the micro scale, examining the 
arguments, practices, and rhetoric within individual geological journal articles. 
Geology has its own philosophical foundations that focus on a tradition of 
classical geology, an iconic view of geologic study that reflects past practices and is 
passed on to successive generations of young geologists. Although it is an oversimplified 
view of geological practice, this type of geologic activity is the logical starting point for 
any systematic inquiry into geological practices. The Geological Society of America 
(GSA) is the center of activity in this tradition. The subject domain of classical 
geology—dominantly historical studies incorporating field-gathered data in petrology, 
sedimentology, and structural geology—is well represented by the the blend of articles 
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published over time in the Geological Society of America Bulletin. In focusing on GSA, I 
necessarily move away from other promising areas of study, most notably geophysics, 
which offers a fundamental tradition that is apparently much different from that of 
classical geology (C.Connor, personal communication). As a prelude to further work in 
areas such as geophysics, I incorporate data from the large domain of subdisciplines 
within and around classical geology, the broad field of geology. The coverage of the 
bibliographic database GeoRef will suffice as a proxy for this broad field. The goal is to 
begin to establish the nature of the connections between these fields within the broad 
field of geology to inform further inquiries into the practices and philosophies of 
individual subdisciplines.  
  
1.1. Foundations of Geologic Philosophy 
The philosophy of geology consists of a small knot of essays and books written by 
distinguished geologists and a few philosophers who have taken an interest in the field. 
The story of geologic reasoning evolved in reaction to a philosophy of science that was 
itself under revolution. Logical positivism is the antagonist in this story, the Goliath to 
geology’s David. Like any good villain, it is pernicious and pervasive, it wields enormous 
power, and it has refused to die when stabbed with pitchforks. 
Within the philosophy of science, a natural break exists between two different 
“families” of philosophies (Frodeman, 1995). The most familiar to us today would be 
analytic philosophy, which has its foundations in the symbolic logic meant to lend 
exactitude to philosophical discourse, much as mathematics does for physics. Logical 
positivism was a school of thought within analytic philosophy based on the tenet that the 
only meaningful knowledge is that derived from formal, analytical statements 
(tautologies) or empirical verification (Glock, 2008). This school of thought is also 
known as logical empiricism. Logical positivism was largely about the separation of 
science from non-science. Science, according to the positivists, is objective, exact 
(quantitative), grounded in reality by observation and experiment, and essentially 
reducible to physics (Hacking, 1981). The logical positivists, therefore, believed that a 
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single scientific method could be applied to all of science. Any activity outside of the 
domain of this scientific method was simply not science. 
“Continental philosophy” is the label given to those styles of philosophy that 
logical positivism rejects, and is therefore a grab-bag of philosophies that recognize 
multiple, non-logical sources of knowledge (Critchley, 2001; Crado, 2003). Within 
Continental philosophy, the philosophies of romanticism and hermeneutics are of special 
interest to geology. Romanticists reacted against the cold, unfeeling rationalism of 
Enlightenment philosophy and feared a loss of connection to nature. Romanticism had an 
emphasis on strong emotion that seems antithetical to science; however, most geologists 
would identify with the romantic notion of the sublime, the sense of awe and humility 
imparted by an encounter with the vastness of nature (Cunningham and Jardine, 1990; 
Bossi and Poggi, 1994). James Hutton did: in geologic time, he found “no vestige of a 
beginning, no prospect of an end” (Hutton, 1795, no page). Hermeneutics is a philosophy 
concerned with the deciphering of texts or other systems of signs. In hermeneutic inquiry, 
different significance is assigned to different parts of the text based on preexisting 
knowledge and expectations, and especially based on each part’s relation to the whole 
(Frodeman, 2003). Because it is concerned with the reconstruction of meaning and 
understanding of past events, hermeneutics is generally associated with historical 
sciences. 
Those attempting to capture the essence of geologic study usually end up 
describing it as historical and interpretive, placing geology squarely within the domain of 
Continental philosophy (Frodeman, 1995). Historical inquiry in geology deals with 
particular configurations of the earth at different times and places. It stands in direct 
contrast to causal inquiry, which is concerned mainly with the unchanging properties of 
the universe, and with type entities indistinguishable from one another, such as atoms. 
Each essay in the small knot of papers on geologic philosophy uses a different 
pair of descriptors to stand in for this dichotomy and emphasizes slightly different aspects 
of the historical/causal dichotomy. Frodeman (1995) and Simpson (1963) focus on the 
difference between particular events (such as Idaho-Wyoming overthrust belt) and type 
events (such as the reaction in a chemical experiment, or weathering and erosion). Bucher 
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(1941) describes how these events are grounded in time, distinguishing between timeless 
and timebound phenomena. Laudan (1987) and Baker (1993) emphasize the goals of 
geologists with respect to this dichotomy, reviewing it in terms of historical 
reconstruction versus the understanding of processes and the formulation of geological 
laws. Gould (1987) approaches the issue tangentially in his discussion of early geologic 
works, contrasting a linear history (time’s arrow) with an ahistorical, cyclic set of 
processes (time’s cycle) (see also Gould, 1986; 1989). Kitts (1977; 1978) casts the 
distinction between historical and causal science as a contrast between derivation and 
testing of general theories and derivation and testing of singular descriptive statements. 
Dott (1998) distinguishes different types of scientific activity associated with both modes 
of geologic activity: analytical science, which involves hypothesis-testing, quantification, 
and prediction, versus synthetic science, which manages real-world complexity using 
qualitative, descriptive data presented verbally and visually.  
Most accounts of geologic philosophy emphasize geology’s historical nature, 
simply because this is the aspect of geologic study that least conforms to the model of 
science embodied by physics, the quintessence of empirical/analytic or causal science 
that studies timeless, immanent processes. However, they disagree about the degree to 
which geology is historical. Some have taken the view that geology is strongly historical; 
i.e., that geologists have no business creating laws (Simpson, 1963; Kitts, 1977). Watson 
(1966, 1969) takes a different view, denying that historical inquiry is fundamentally 
distinct from causal inquiry. In this view, geologists would perform experiments on many 
earth-like planets to determine how such a planet would work, except that there is only 
one earth, and it has evolved only once. In other words, Watson claims that causal 
information is accessible to us only through historical inquiry. One anecdote related by 
Stephen Jay Gould (1987, p. 152) suggests that this view of geology might have induced 
the Geological Society of London to stipulate historical inquiry for geology two centuries 
ago: 
The fifty years separating Hutton and Lyell had witnessed a transformation in 
practice among British geologists. Hutton crowned a tradition of general system-
building, or “theories of the earth.” The next generation had abjured this 
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procedure as premature and harmful speculation. The nascent science of geology 
needed hard data from the field, not fatuous, overarching theories. The 
eschewing of “interpretation,” and the restriction of discussion to facts alone, 
was (however impossible the ideal), actually written into the procedures of the 
Geological Society of London, founded in 1807. As a primary approach to field 
evidence, embraced for its plethora of exciting results, the Geological Society 
adopted the stratigraphic research program. The primary task of geology must be 
defined as unraveling the sequence of actual events in time, using the key to 
history that had just been developed to the point of general utility by Cuvier and 
William Smith—the distinctively changing suite of fossils through time. 
The decision to pursue a dominantly historical geology may have been inevitable 
due to the futility of assessing large-scale theories of the earth without a massive 
observational foundation. In stipulating a stratigraphic program for geology, the founders 
of the Geological Society were tacitly acknowledging that geology is generally too 
complex to be addressed in an analytical fashion, and that many geologic processes 
operate on time and space scales that prevent experimentation or even real-time 
observation (Watson, 1969; Schumm, 1991; Baker, 1994; Frodeman, 1995; Dott, 1998). 
They also set geology on a course that countered the soon-to-be prevailing image of 
science, born out of the logical-positivist philosophy that all sciences are reducible to 
physics and should emulate its methodology (Neurath et al., 1971; Creath, 1996). 
In contrast with the experimentation and quantification of the analytical sciences, 
historical inquiry in geology relies on a hermeneutic reading of the physical traces of the 
events that we are trying to reconstruct. These are often hard to come by. Every square 
meter of the earth constitutes a trace of any number of events in Earth’s history, yet not 
all parts of the Earth are indicative traces. The sheer volume of Earth material and the 
low surface-to-volume ratio of our spheroid planet deny us access to all but the smallest 
fraction of physical evidence that exists. Much of what we do see is not particularly 
telling. As Frodeman (2003) points out, a geologist must often resign himself to splitting 
random bits of shale while looking for an essential marker fossil, or scanning hundreds of 
thin sections for a single indicator mineral. To complicate matters, what counts as an 
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important bit of evidence depends on its place within the larger reconstructed narrative, 
which is, in turn, evolving based on the bits of evidence found. The circularity of such 
inquiry is one of the major criticisms of hermeneutic inquiry. In the analytic sciences, 
circular reasoning is anathema. In geology, it is unavoidable. Thus Frodeman (2003) 
speaks of returning to the outcrop repeatedly, seeing importance in details that he had 
passed over on earlier trips. 
For a geologist seeking to reconstruct the history of an area from evidence in the 
field, the interpretive process includes the physical act of moving about within the field 
site, “intuitively seeking an optimum distance and observational angle for the features 
under consideration” (Raab and Frodeman, 2002, p. 72). This particular activity has 
lodged within the minds of geologists as the quintessential act of a geologist, much as the 
laboratory experimenter is considered an exemplar of science in general. Indeed, for most 
philosophical accounts of geology, geology equals historical field geology. Just as the 
multifaceted nature of science is hidden behind the examplar of physics, so any 
heterogeneity in geologic practices is still concealed behind the vision of the iconic field 
geologist. It is difficult, therefore, to tell how extensive this way of working has been, 
and still is. To affect geological reasoning at its most fundamental level, therefore, one 
would expect that change in geology would have to aim at geology’s historical, 
interpretive natures, and at its tradition of field work.  
 
1.2. Making Change in Geology 
It is difficult to tell whether the changes that have occurred in the latter half of the 
twentieth century will be enough to invalidate the generalization of geologist as historical 
field geologist. It is clear that many geologists think so. Many who have lived long 
enough to see more than a couple of decades in the science tell us that geology has 
undergone major shifts in practice. There are several sources of anecdotes and 
perspectives on changes in the field of geology. Dozens of books and essays on the 
philosophy and history of geology contain offhand comments about how the discipline 
has changed in the twentieth century; in addition, the annual presidential address in the 
GSA Bulletin gives a long-running record of perspectives on the state of geology. The 
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presidential addresses are especially valuable, as GSA presidents have decades of 
experience working in geology and are active members of the geological community. 
Many take the opportunity as outgoing president to reflect on their experiences during 
their career and their year as president. 
Perhaps the most striking of the observations in these written accounts is that 
geologic field work, epitomized by outcrop description and interpretation with equipment 
no more complicated than a rock hammer and compass, has given way to laboratory 
work: 
Increasingly, field geologists are putting away their rock hammers and 
relinquishing their field vehicles, believing that field studies will no longer be a 
part of their research. The same geologists who once scrambled over outcrops in 
search of subtle clues to a geologic mystery are joining the ranks of those who 
spend their summer days in front of a computer screen and engage in hallway 
conversations about the latest software or upgrade (Turner, 2000, p. 56). 
Stephen Jay Gould and John McPhee, the two most widely read popularizers of 
geology, both call attention to the long-running tension between the heroic field geologist 
and the laboratory-bound geologists, the “people in white coats spending summer days in 
basements watching million-dollar consoles that flash like northern lights” (McPhee, 
1980, p. 94), and the “flashiness of complex laboratory equipment, often operated by 
people with strong mathematical skills but little knowledge of rocks” (Gould, 1987, p. 
69). Some accounts of this change in geology border on the vitriolic: 
Field work, petrology, structural geology, stratigraphy and palaeontology are no 
longer fashionable, but are dubbed traditional and classic. Maps have become 
irrelevant, the location of a sample, its mineralogy and petrological characters 
are unnecessary details not to be bothered about. Any sample can be fed to a 
machine which churns out endless figures. These are further manipulated to 
yield yet more numbers, which are received with the greatest respect and adorn 
the pages of prestigious journals. Are we to consider this as real geology and 
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discard field maps and all the geological history in them as mere junk! 
(Radhakrishna, 2005, p. 18-19) 
Others have noticed that the geological discipline has become massive and 
heterogeneous. W.G. Ernst remarked on its “polyglot, fragmented” state (Ernst, 1987, p. 
1). Cloos, noting that the geologic literature “grows like an avalanche,” called for 
continued production of review articles on various topics to “prevent our science from 
falling apart and to retain the binding matrix between specialties” (Cloos, p. 1954, p. 
819). M. King Hubbert saw the same problem:  
As we saw earlier, for the last 200 years the number of scientific journals has 
been increasing tenfold every 50 years and is now approaching the total number 
of 100,000. In geology alone, if he worked continuously during all waking 
hours, using every system of accelerated reading that could be devised, no one 
of us could read more than a small fraction of the literature coming off the 
printing presses currently, let alone that which has accumulated already 
(Hubbert, 1963, p. 374). 
Hubbert considered it insidious, heralding a return to authoritarianism. Some, however, 
retain a more positive outlook: 
Although the proliferation of specialized fields in geology has brought with it on 
the one hand a preoccupation with one’s own specialty, it has on the other 
created problems of the borderline relationships with those in other disciplines. 
In the great majority of cases, it is true these borderline encounters serve to 
benefit both the geologist and his colleague in the other fields, and yield a more 
complete understanding of each of these new frontiers (Nolan, 1962, p. 275). 
Other observations concerned the content of geological discourse itself. Baker 
(1993; 1994) recognized an increase in theoretical concerns and a (sometimes 
unwarranted) preoccupation with quantification. Kitts (1978) pointed that physical and 
chemical theories are invoked more often as time goes by. Dott (1998) emphasized the 
role of technology in changing the types of information geologists use: 
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As technological advances have provided a growing variety of sophisticated 
analytical tools, types of data more like those of physics and chemistry have 
come to play an increasing role in earth science (Dott, 1998, p. 17). 
Many people have commented that digital technology has impacted even the most 
mundane details of a geologist’s life: 
[Information Technology] influences the way in which scientists investigate the 
real world, how they are organized, how they communicate, what they know and 
what they think. We are just at the dawn of that era. Now many factors that 
constrained our predecessors no longer exist. Modern computing systems (for 
example databases, GIS and Internet tools) allow us to store, retrieve and present 
far more information and knowledge about an area than we could ever display 
on a 2-dimensional piece of paper (Loudon, 2000, p. 33). 
There is no doubt that, as Frodeman put it, “changes are afoot within the 
discipline of geology” (2000, p. vii). Acquiring a clear picture of these changes in 
geology is difficult, however. Personal accounts are colored by attitude and by the 
decades that have passed since geology existed in a noticeably different state. In addition, 
the lasting impact of these changes on geology is unclear. Can we credit technology for 
an increased capacity for observation and cognition? Or do we blame it, as some do, for 
the loss of immediate contact between man and nature, one of the values that geologists 
pride themselves on? Does society need something different from geologists than it did 
before? Or has the science matured to a state wherein different requirements exist for 
geological proof? All of these are possible, and we may never have definitive answers. 
However, accurately representing the field of geology may be a first step in getting these 
answers. 
 
1.3. The Science of Philosophy 
My intent in this study is to examine the geologic literature for evidence that 
geology has changed substantively during the last half of the twentieth century. Change 
in science is a topic that fits into the traditional realm of the philosophy of science; 
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however, the domain in which metastudies of science are conducted looks much different 
than before. New fields such as information science and science studies have areas of 
interest that overlap with philosophy. Scientists in these fields often approach 
philosophy-like questions from an empirical standpoint, using scientific publications as 
fossil traces of scientific activity and creating proxy indicators for types and styles of 
scientific activity. Despite any limitations they might have, these methods have great 
potential to augment the notional work of philosophers in identifying the means and 
methods by which scientists create, critique, and justify their knowledge claims. 
The philosophy of science itself has recently changed direction. The analytical 
program of formal logic stipulated by analytic philosophers has given way to theories 
based on the study of the history of science (Shapere, 1981). Ironically, the logical 
positivism, so hostile to historical geology, has been discarded in favor of a historical 
program of the philosophy of science. In addition, philosophers and others who study 
science have taken on a more empirical focus. While theories of science are meant to be 
tested (Shapere, 1981; Donovan et al., 1988), in reality they are often adopted 
uncritically:  
Although the new theories of science are interesting and provocative, the 
evidence for their soundness is much too flimsy to warrant accepting them as a 
tentative, let alone a definitive, template for describing whole disciplines or sub-
disciplines. Yet this is becoming increasingly widespread. Serious scholars 
straight-facedly ask, "Does sociology count as science?", where counting or not 
counting depends upon compliance with the formulae which one or another of 
the theorists of scientific change have laid down. Others, even more 
adventurous, ask how to restructure their disciplines so as to make them more 
like a science. All these projects rest on the assumption that recent accounts of 
the character of natural science are sound, or at least pretty close to the mark. 
Yet we have no reason whatsoever for making that assumption, either about 
Kuhn’s theory or about its more recent rivals (Donovan et al., 1988, p. 7). 
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Studies of science therefore have incredible ground to cover, testing theories that have 
accumulated over the years against the data that have been piling up for even longer. The 
analysis is, and will continue to be, slow and painstaking. Case studies of individual 
theories are the most common method of directly studying reasoning within science, and 
these are time-intensive to produce. In addition, the subject matter is complex: 
Science may not be a natural kind, and its features may be so various that no 
general “laws” govern its history. (Donovan, et al., 1988, p. 9) 
This statement is doubly true for the synthetic science of geology, whose dozens of 
related subdisciplines appear to pull from available physical, chemical, and biological 
theories in different proportions and combine them with discipline-specific laws using 
different methodologies. The expansion of the scientific literature means that finding 
representative cases to study is important, and if a discipline is truly as heterogeneous as 
one might suspect that geology is, then the first step is to delineate the natural breaks in 
philosophy and practice within the discipline. This will be a large task. 
Geology’s incarnation as a collective effort is in the geological literature, a corpus 
of millions of journal articles, monographs, textbooks, field-trip guides, geological maps, 
and even online data repositories. The structure of the geological corpus has become 
complex and the body of literature immense. Each of the million articles is related to 
similar studies, either through citations to or from those articles, or by virtue of topical 
similarity. We should expect that the internal structure of geology will reveal itself 
through the connections between articles. In fact, the mapping of scientific disciplines is 
a recent advance in information science, creating virtual representations of the intellectual 
landscapes of scientific disciplines. Such maps can feature individual journal articles 
(e.g., Small and Griffith, 1974; Small, 1977), authors (e.g., White and Griffith, 1981; 
White and McCain, 1999), or entire subdisciplines (Boyack, et al., 2005). 
The concept of science as “knowledge writ large” includes some form of the 
notion that scientific theories are ultimately accepted or rejected by consensus. (Kuhn’s 
(1970) concept of scientific revolutions was predicated on this notion.) This gives 
vehicles for communicating scientific theories (such as journal articles) a central role in 
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the construction of knowledge. The journal article is no longer considered to be a record 
documenting the scientific activity as it actually occurred; Nobel-laureate physiologist 
Peter Medawar’s hyperbole in declaiming the scientific article as a “fraud” raised 
consciousness of this fact (Medawar, 1963). Most modern studies treat the scientific 
article as a persuasive or rhetorical document, truthful in the essentials, meant to recruit 
support for a particular argument (Law and Williams, 1982; Gilbert and Mulkay, 1984; 
Lynch 1985; Suppe, 1998; Hardcastle, 1999; Fahnestock, 2005). Each article contains 
stylistic clues to the nature of the arguments contained within it. Particularities of 
language and graphics are loosely connected to the type of reasoning involved, can be 
measured easily, and may point to general trends in practice and philosophy (e.g. Smith 
et al., 2000; Bruss et al., 2004; Argamon, Dodick, and Chase, 2008). These stylistic 
markers provide a dataset for quantitative examination of the changes in geological 
literature in the last 50 years. 
 
1.4. Purpose and Structure of this Dissertation 
This dissertation is a pilot study of the extent to which informal observations of 
changes in geological reasoning and practice in the last half of the twentieth century 
represent visible trends in the geologic literature. It represents the beginning of a line of 
inquiry into the philosophy of geology based on the concept of philosophy of science as a 
descriptive science.  
In the first investigation of this dissertation (Chapter 2), I use techniques from 
information science to create a representation of the natural macrostructure of geology as 
an intellectual space evolving over time. Titles and keywords of geologic journal articles 
provide information on topical relationships between subdiscipline journals, and 
bibliographic data represent the citation relationships between subdiscipline journals. 
Mapping and clustering algorithms make visible these relationships with a minimum of 
subjectivity. In the second investigation (Chapter 3) I use techniques from linguistics, 
communication, and science studies to examine whether the microstructure of geology 
journal articles differs over time and between subdisciplines. This investigation is 
founded upon an assumption that the style of geological argumentation leaves a trace in 
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the language, content, and graphics of a journal article, and that significant differences in 
these elements may signal differences in reasoning. The fourth chapter is a synthesis, 
making connections between the interpretations from the two investigations and previous 
work in geologic philosophy and studies of science.  
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Chapter 2 
 
2. The Macrostructure of Geology 
2.1. Introduction 
Acknowledging the complexity of the field of geology begins with establishing 
the scope of the study, describing the lay of the land. In an essay comparing scientific 
discovery to the exploration of new lands, one philosopher pointed out that fictional and 
historical travelers in new worlds always ask the same few questions first: “Where am I?” 
and “What kind of place is this?” (Foltz, 2000). Creating a virtual world illustrating the 
field of geology will allow us to ask such questions about it and pave the way for 
subsequent exploration of the different parts of that world.  
Current conceptions of science recognize that the potential of a scientific 
discovery is realized, not when the discovery is made, but when it is accepted as the basis 
for new lines of research by other scientists (e.g., de Solla Price, 1963; Kuhn, 1970). 
Plate tectonics theory is an excellent example of this. Wegener’s creation and 
justification of continental drift theory was a necessary, but not sufficient, condition for 
its eventual impact (Oreskes, 1999). The conditions for its acceptance occupied a global 
scale. Thousands of geologists had to be convinced. Episodes such as this one emphasize 
the importance of modes of scientific communication. 
In geology, a trace fossil is a rock containing footprints or tracks made by an 
animal. A trace fossil can be anything that an animal left behind to indicate its existence, 
except for the body of the animal itself. In this study, I have taken the scientific literature 
to be trace fossils of the practice of research geologists. I acknowledge that a scientific 
article may not record the logic of discovery involved in its creation. However, a journal 
article is usually the only real, enduring manifestation of a piece of scientific activity. The 
journal article is meant to be a part of the fossil record. And so shall I treat it.  
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Studies of articles in a particular scientific journal or set of journals over time 
(i.e., longitudinal studies) often stand in for the study of changes in the science itself 
(e.g., Bazerman, 1984; Battalio, 1998). But the scientific literature is a complex and 
growing network. As any science develops and becomes more complex, its literature 
expands and branches off into separate subdisciplines (de Solla Price, 1961, 1963). This 
phenomenon, referred to as “twigging” (Weick, 1970), spawns changes in the economics 
of scientific publications, and it even changes the science itself. It may also highlight or 
obscure real longitudinal trends in science over time as articles on specific topics are 
diverted into specialized subdiscipline journals. Therefore, in preparation for the 
longitudinal study of the GSA Bulletin in Chapter 3, I first look at the broad field of 
geology from a more strongly “latitudinal” perspective, examining the relationships 
between different subdisciplines at different points in time. 
In this chapter, I explore the expansion of geology as represented by the topics 
covered in peer-reviewed journals. I recognize three levels of journals:  
1. Multidiscipline journals such as Science and Nature, which cover many 
different disciplines of science, including medicine, physics, and geology. I will refer to 
these journals mainly as “general-science journals.”  
2. Discipline journals such as Journal of Geology and Geological Society of 
America Bulletin (GSA Bulletin), which purport to cover all aspects of the field of 
geology, including all of its subdisciplines. I will call these “general-geology journals.”  
3. Subdiscipline journals such as the Journal of Geophysical Research and 
Ground Water, which cover all or part of a particular subdiscipline.  
In this chapter, I look at how different subdisciplines have changed in influence 
over the years. I assume that each article in a general-science or general-geology journal 
is also appropriate for some subdiscipline journal. Text-classification methodology serves 
to place each general-science and general-geology article into a subdiscipline-journal 
class based on similarities of titles and keywords. The strategy is similar to asking the 
question, “what subdiscipline journal would this article most likely have been published 
in, if the general journal had not been available?” In addition, I examine the publication 
rates of geologic journal articles during the twentieth century. I delineate several major 
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groups of subdiscipline journals by clustering the journals based on their titles or 
keywords. I also investigate the citation connections between journals around the year 
2000, using the frequency of mutual citations as a proxy for similarity and creating a map 
of geologic journals using multidimensional scaling. The result is a view of the virtual 
landscape of geological literature as it changes over time. 
 
2.2. Background  
2.2.1. Twigging  
The growth and branching of a discipline—twigging—was first examined in 
depth by de Solla Price (1961, 1963) in his seminal studies of scientific progress. 
Specifically, twigging is the tendency of scientific disciplines to divide into smaller 
subdisciplines, an action usually marked by the spawning of new subdiscipline journals. 
De Solla Price (1963) found that the number of scientific journals has increased 
exponentially over time, doubling every 15 years. Given an influx of new experimental 
opportunities, a new paradigm, or new ideas, scientific journals multiply, he says, like 
rabbits. As the literature grows in volume, scientists tend to divide themselves into 
increasingly more specialized subdisciplines. Mabe and Amin (2001) suggested that the 
appearance of new journals  
is the outcome of attractive fusion forces (“going with the crowd” or peer 
pressure, and the advantages of social interaction) making subject-specific social 
groupings grow in number, versus the repulsive, fissile forces (impersonality, 
clique formation and unwieldy size) tending to split large existing groupings 
apart. (p. 160) 
Mabe and Amin, like many who conduct social studies of science, tend to place emphasis 
on social forces in science, to the exclusion of such other pressures as theoretical, 
logistical, and economic forces. De Solla Price (1963), Mermin (1988), and Johnson and 
Schubert (1989) all have a more pragmatic explanation for twigging: they point out, as 
Hubbert (1963) did, that as subdisciplines of science get larger, scientists are unable to 
stay abreast of all the research within their own discipline. Johnson and Schubert (1989) 
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use a decrease in comment and reply articles as evidence that the readership is having a 
more difficult time keeping up with the current literature and note that this is probably the 
point at which the discipline is most susceptible to twigging.  
In these and other accounts, reactions to the twigging phenomenon are largely 
negative. Greco et al. (2006), for instance, report that editors of history journals 
considered the twigging phenomenon to be a problem, especially in addressing “broad 
disciplinary issues of scholarship” (p. 180). Comments such as this respond not only to 
the scientific priority of reading widely, but also to the economic worries of academic 
libraries forced to subscribe to an ever-increasing number of very expensive journals.  
No one has decried the phenomenon of twigging more stridently than the 
influential petroleum geologist, M. King Hubbert. He saw the twigging phenomenon as 
an error in judgment and a direct threat to the quality of geology. After his term as the 
president of GSA, Hubbert (1963) voiced his fears that the scientific community was 
falling victim to authoritarianism and sloppy thinking. He asserted that twigging and 
over-specialization were major causes:  
Another factor involved in our reversion to authoritarianism is a prevailing view 
of the evolution of science. This is that scientific knowledge has become so vast 
as compared with the limited capabilities of the individual that one man can only 
hope to know “authoritatively” a minute fraction of the whole. Hence we are 
constrained, if we are to avoid being ineffectual scientific dilettantes, to select 
some limited domain—our “specialty”—of such small size that we are capable 
of reading all the pertinent literature and hence of mastering all that is known 
about it. By this premise, all other scientists must do the same with respect to 
other domains, so that the only way of knowing anything outside of our own 
specialty is to accept the word of an authority or specialist in that field. Hence, 
according to this view, we are condemned to accept authoritarianism by the very 
immensity of human knowledge. (Hubbert, 1963, p. 374) 
Hubbert broadened his criticism of twigging to include its partner phenomenon, 
cooperative research:  
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According to this specialistic view, any scientific enterprise of broader scope 
than an individual “specialty” can only be carried out by the co-operation of 
teams representing the various “specialties” involved. Thus one hears repeatedly 
that the future advancement of science is more likely to be the result of such co-
operative teamwork than of work done by individuals; and in current literature 
papers bearing the names of as many as half-a-dozen coauthors are not 
uncommon.  
I do not mean to imply that in many instances such co-operative enterprises, 
especially on the technician or development level, may not be more effective 
than the same work done by individuals. There is also no question that the work 
of any individual must have been based upon what others have done before. It 
may be well to remind ourselves, however, that thinking is peculiarly an 
individual enterprise, and that the greatest of scientific achievements—those of 
the great synthesizers from Galileo to Einstein—have, almost without exception, 
been the work of individuals. (Hubbert, 1963, pp. 376-377) 
The concerns of these prominent scientists and editors address the issue of 
coherence within a discipline. Coherence refers to a compact structure within the 
literature of a scientific discipline that allows its practitioners to more efficiently build 
upon previous, relevant research (Crane, 1972). Goldman (1979) emphasizes the 
importance of coherence within a discipline to the quality of science in that discipline. He 
asserts that one observes several things in a compact, coherent discipline. First, most of 
the article citations occur within a few core journals, indicating that researchers are 
building directly upon each other’s work. Second, there are few subfields or cliques, 
indicating that information is flowing freely between researchers in all areas of the field. 
And finally, publications within the field are easy to locate, ensuring that research is not 
wasted by replication or lack of citation. Incoherence is the trigger that causes a 
discipline to split into smaller groups, each with a stronger sense of self-identity. In other 
words, twigging loosens the connections between different areas of study in order to 
tighten the connections within each of those fields.  
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2.2.2. Little Science, Big Science  
De Solla Price’s second work in 1963 included a description of three stages of 
scientific growth (see also Fernandez-Cano et al., 2001). The first is an initial period of 
“little science,” wherein growth is driven by scientific societies and little funding is 
available. The second he calls “big science,” characterized by widespread government 
and commercial support and funding. The third phase is marked by a return to lower rates 
of growth following disappointment, disillusionment, and diminishing government 
support. 
The distinction between little science and big science is, as de Solla Price (1961, 
1963) and Weinberg (1961) suggest, a matter of scale. Big science requires many people, 
lots of equipment, and lots of money. For this large investment, however, big science 
often produces large numbers of high-impact articles. Ribbe (1988) examined the 
impact/investment relationship in the field of geology, finding a strong positive 
correlation between the ISI journal impact factor of geology journals and the average 
amount of funding per paper in those journals. 
Mabe and Amin (2001) emphasize the importance of a key research event, such as 
a landmark conference, on the transformation to big science. According to them, such an 
event sparks a boom in the discipline, an influx of new papers which the editors 
accommodate by hosting special issues, creating special sections, or founding new 
journals altogether. They use plate tectonics as one example, citing conferences held in 
1964 as key events after which the number of related articles per year rose from 100 per 
year in the 1960s to peak at about 3,500 per year in the 1980s. There is little question that 
plenty of theoretical kindling existed to fuel the burst of activity associated with plate 
tectonics. Geologists scrambled to reinterpret decades of previous research in light of the 
new theory. Phenomena that could not be explained before were integrated into more 
coherent theories. It was truly an advance made by geology as a distributed cognitive 
entity, and it left an unmistakable trace in the body of scientific literature. 
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2.3. Methods  
2.3.1. Classification of Journal Articles by Title and Keywords 
The data for this exercise consist of titles and keywords for around 200,000 
articles from the GeoRef database. GeoRef is a bibliographic database containing around 
three million references to geoscience literature, including journal articles, books, maps, 
conference proceedings, reports, Web sites, and theses. GeoRef was created by the 
Geological Society of America and is currently maintained by the American Geological 
Institute. It is the primary bibliographic reference for literature searches in geology and 
related fields.  
I started with GeoRef’s list of priority journals, excluding articles published in 
special issues or monographs, as well as abstract-only documents and conference 
proceedings. Some journals were excluded because their earlier volumes have not been 
entered into the database or were published in languages other than English. Other 
excluded journals began publication late enough in the time period of interest to have 
only a few years of record.  
The rest of the journals fell easily into three groups: general-science journals 
(Nature, Science), general-geology journals (GSA Bulletin, Geology, Journal of Geology, 
Geological Magazine, Canadian Journal of Earth Sciences, Journal of the Geological 
Society of London, Precambrian Research, and Quaternary Research), and 59 
subdiscipline journals (Table 1). The only articles from the general-science journals 
included in the GeoRef database are those directly pertaining to the geological sciences. I 
included in the general-geology category two journals whose subject area is defined as a 
geologic time period. Geologists will probably recognize that Quaternary Research is not 
what many would consider “general geology,” because studies centered on the 
Quaternary tend to involve climate change and sea-level change. 
I used only articles published between 1945 and 2000, because bibliographic data 
prior to 1945 are incomplete for many important journals, and because proliferation of 
geologic journals did not begin in earnest until the 1960s. Prior to 1945, the periodical 
geology literature consisted of about a dozen journals publishing at a relatively constant 
rate. Of the 200,000 articles, about 23,000 were general-science articles and 28,000 were 
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general-geology articles. The rest were subdiscipline-journal articles. (Descriptions of the 
bibliographic searches are included in the Appendix, Table 6.) 
For the classification exercise, I let each subdiscipline journal define a class 
representing an area of study. By letting the boundaries of the subdiscipline journals 
stand in for the boundaries of geologic subdisciplines, I eliminated any subjectivity in 
creating our list of subdisciplines. The boundaries of a particular journal’s topical focus 
are set by eminent practitioners in the field (serving as editors or reviewers) to define the 
domain of that particular area of research. Their intent is to isolate papers of a particular 
kind and focus research activity in order to produce more papers of that kind. This  
Table 1. Geoscience journals included in the study. The journals are in the same order as they 
appear in Figures 6 and 11 and are color-coded similarly. 
 AAPG Bulletin  Geochimica et Cosmochimica Acta 
 Journal of Petroleum Geology  Contributions to Mineralogy and Petrology 
 Journal of Sedimentary Research  Lithos 
 Sedimentology  Journal of Petrology 
 Sedimentary Geology  Journal of Metamorphic Geology 
 Palaeogeography, Palaeoclimatology, Palaeoecology  Bulletin of Volcanology 
 Palaios  Journal of Volcanology and Geothermal Research 
 International Journal of Coal Geology  American Mineralogist 
 Organic Geochemistry  The Canadian Mineralogist 
 Global Biogeochemical Cycles  Mineralogical Magazine 
 Journal of Geophysical Research-Oceans  European Journal of Mineralogy 
 Marine Geology  Physics and Chemistry of Minerals 
 Journal of Geophysical Research-Atmospheres  Clays and Clay Minerals 
 Paleoceanography  Economic Geology 
 Bulletin of the Seismological Society of America  Mineralium Deposita 
 Physics of the Earth and Planetary Interiors  Journal of Geochemical Exploration 
 Journal of Geophysical Research  Meteoritics and Planetary Science 
 Geophysical Journal International  Journal of Geophysical Research - Planets 
 Journal of Structural Geology  Computational Geosciences 
 Tectonophysics  Mathematical Geology 
 Tectonics  Journal of Foraminiferal Research 
 Geophysics  Micropaleontology 
 Environmental and Engineering Geoscience  Journal of Paleontology 
 Engineering Geology  Palaeontology 
 Quarterly Journal of Engineering Geology  Journal of Vertebrate Paleontology 
 Earth Surface Processes and Landforms  Precambrian Research 
 Hydrological Processes  Quaternary Research 
 Journal of Hydrology  Geology 
 Water Resources Research  Canadian Journal of Earth Sciences 
 Ground Water  Geological Magazine 
 Geoderma  Journal of the Geological Society of London 
 Soil Science Society of America Journal  Journal of Geology 
 Applied Geochemistry  Geological Society of America Bulletin 
 Chemical Geology   
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process is reminiscent of biological speciation and allows the use of these journals as 
natural classes. Research in information science supports this treatment: although there is 
often overlap between journals in the same field of study, the titles and keywords of 
articles within a journal are much more similar to each other than they are to those of 
articles from other, related journals (White & McCain, 1989). For instance, the field of 
hydrogeology is represented by several journals, including Ground Water and the Journal 
of Hydrology, each with subtle differences in area of coverage, preferred methodologies, 
or other characteristics that may only be obvious to experienced practitioners. The ability 
of the classification model described in this chapter to accurately predict which journal a 
paper was published in, given only its title and keywords, supports the idea that even 
similar journals have distinct areas of topical emphasis. 
General-geology journals and general-science journals have broader topical 
emphasis; that is, they report on several subdisciplines at once and should therefore have 
articles that are also appropriate for one or more of the subdiscipline journals. By 
comparing the keywords of a general-geology article to those of the subdiscipline 
journals, we can find out which subdiscipline it fits into and, doing this for all articles, 
compare the influence of each subdiscipline on geology overall. This is a classification 
problem.  
One of the simplest and most robust classification techniques is the nearest-
neighbor classification, a machine-learning algorithm that uses a spatial metaphor to 
represent similarity between items. The entire classification process consists of a learning 
phase in which the classes are defined based on a learning set of pre-classified items, and 
a classification phase in which the set of unknown items is sorted into classes.  
I created the classification model using WordStat 5.1, a text-analysis module for 
the Provalis Simstat software (Davi et al., 2005). During the learning phase of 
classification, I simply represented each article in the learning set (the subdiscipline 
journals) by a point in a multi-dimensional space. Each dimension in this space refers to 
the presence or absence of a particular word—earthquake, mineral, basalt, and 
foraminifera, to name a few.  
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The coordinates assigned to each article depend on the combination of words in 
its title and keywords. Articles whose title and keywords contain similar sets of words are 
positioned close to each other in this space, whereas dissimilar articles are positioned 
further apart. Articles from the subdiscipline journals should form clusters, and articles 
from general-geology journals should be scattered throughout the topic space. The 
distance was calculated as a simple Euclidian distance between the two points.  
The class corresponding to a specific subdiscipline journal consists of a list of 
point locations—one point for each article in that particular journal. During the 
classification phase, I assigned each “unknown” article from a general-science or general-
geology journal to the class that contains the point nearest to it.  
To use a simple example, one could classify a certain set of texts based on the 
frequency of the words “volcanic” and “flow” (Figure 1). Each text is assigned a position 
in a two-dimensional Cartesian plane based on the frequency of those two words within 
the text itself. With this spatial analogy in place, the Euclidian distance becomes a 
measure of dissimilarity; the greater the distance, the more dissimilar two articles are. In 
two dimensions, the similarity is easily visible. Consider in this example the likely 
sources of the two clusters of points in Figure 1: hydrogeology articles are likely to be 
those points arrayed along the y-axis, whereas volcanology texts are splayed across 
 
 
Figure 1. Spatial analogy for similarity between segments of text. Two distinguishing words are 
chosen, and the number of instances of each one serves as a coordinate for plotting the position of 
the text on a Cartesian graph. 
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 the graph in the space representing liberal use of both words or of “volcanic” alone. Both 
of these groups we could separate from texts on different topics entirely, all of which 
would plot at the origin of this graph, containing neither the word “volcanic” nor the 
word “flow.” 
If we had an unknown article, we could classify it based on where in Figure 1 it 
plotted. In this case, the unknown article was assigned to the class containing the point 
closest to it. This is a specific case of a more general classification scheme, the k-nearest-
neighbor scheme, in which the unknown article is assigned to the class most common 
among the unknown article’s k nearest neighbors. The higher the value of k, the more 
susceptible it is to bias caused by differences in class size. For this dataset, higher values 
of k resulted in lower accuracy, so I used a k of 1 neighbor. 
In the example, the frequency is used to distinguish articles because there are only 
two dimensions; however, in the study itself, the article’s coordinates are based on the 
presence or absence of a word, meaning that the only frequencies possible were 0 and 1. 
This is necessary because words rarely occur more than once in the title and keywords of 
a journal article. This would result in inadequate differentiation of articles in a two 
dimensional space (only 2
2 
= 4 positions being possible), or even in three dimensions  
(with 2
3
 = 8 possible positions), but my topic space had enough dimensions (2
1000
 = 
1.07×10
301
 possible positions) that this was not a problem.  
During the learning phase, the list of all unique words in the sample was limited 
to all those that occur in at least ten articles but in fewer than 60% of articles, in this case 
3472 words. I did this to eliminate words that were either too common or too rare to be 
valuable in discriminating between classes. Capitalized words were overwhelmingly 
place names or the names of geologic formations and were therefore ignored. The 
Pearson chi-square test was calculated for each word to determine how strongly the 
occurrence of that word in an article predicts membership in each category 
(subdiscipline-journal class). This is known as the chi-square test for homogeneity, 
because the probability associated with the calculated chi-square value for a word is the 
probability of that word’s distribution occurring in a homogenous set of classes. A 
successful classification model requires a heterogenous sample. In this particular case, 
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the distributions of only 456 terms out of 3472 had more than a 0.05 percent chance of 
occurring in a homogenous set. This is the first sign that geology truly is heterogenous, 
and that it is possible to distinguish journals by the topical content of the articles in them. 
The opposite extreme of the homogeneity scenario occurs with a very high chi-square 
value, which occurs for words whose presence strongly predicts membership in a 
particular class.  
I compiled the final model using a vector space of 1,000 dimensions 
corresponding to the 1,000 words with the highest global chi-square values. For example, 
the word “earthquake” has a very high chi-square value because the presence of this word 
correlates well with membership in a particular class—the class corresponding to the 
Bulletin of the Seismological Society of America. The top thirty words in the list are given 
in Table 2; the entire list, along with their chi-square values, are given in the Appendix, 
Table 7. 
To test the effectiveness of these classification methods, I used 20-fold cross-
validation, dividing the data into 20 subsets, re-running the learning phase 20 times, 
leaving a different subset out each time, and classifying the articles in the left-out subset 
to see if each ends up in the subdiscipline-journal class that it actually belongs to. The 
Table 2. List of the top 30 words used in the classification model and the class that each word 
predicts. The entire list is given in the Appendix, Table 7. 
 Word Predicted Journal Class   Word Predicted Journal Class 
1 paleontology J Paleontology  16 ores Journal of Geochemical Engineering 
2 invertebrata J Foraminiferal Research  17 microfossils Micropaleontology 
3 soils Geoderma  18 economic Economic Geology 
4 water Ground Water  19 soil Soil Science Society America J 
5 chordata J Vertebrate Paleontology  20 programs Computational Geosciences 
6 deposits Mineralium Deposita  21 clay Clays Clay Minerals 
7 vertebrata J Vertebrate Paleontology  22 metal Journal of Geochemical Engineering 
8 ground Ground Water  23 seismic Bull Seismic Society America 
9 protista J Foraminiferal Research  24 mineral Journal of Geochemical Engineering 
10 hydrology J Hydrology  25 petroleum J Petroleum Geology 
11 computer Computational Geosciences  26 seismology J Geochemical Exploration 
12 geophysical Geophysics  27 mineralogy Clays Clay Minerals 
13 tetrapoda J Vertebrate Paleontology  28 sedimentary International J Coal Geology 
14 foraminifera J Foraminiferal Research  29 silicates Clays Clay Minerals 
15 earthquakes Bull Seismic Society America  30 languages Computational Geosciences 
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model was about 97 percent accurate; during cross-validation, the classifier misclassified 
only 818 out of 31,339 articles. A review of the misclassified articles revealed that the 
articles were in fact appropriate for the journals that they were sorted into. 
Misclassification in this case is not considered a measure of error within the model, but 
rather an indicator of similarity between journals. 
 
2.3.2. Clustering of Journals by Title and Keywords 
A large-scale grouping of subdiscipline-journal classes is produced during the learning 
phase using an average-linkage clustering algorithm. Agglomerative hierarchical 
clustering is performed by calculating the Euclidean distance between elements to be 
clustered and progressively merging clusters closest to each other (Aldenderfer and 
Blashfield, 1984) . In the first step, the closest two elements are merged. In each 
subsequent step, elements continue to be merged with each other and with the existing 
clusters. The distance between an element and a cluster, or between two clusters, can be 
calculated several ways. In average-linkage clustering, the distance between two clusters 
is calculated as the mean distance between members of the two clusters (Figure 2). The 
mean distance is simply the sum of the distances (Trs) between all possible pairs of 
elements in clusters r and s, where each pair contains an element in each group, divided 
by the number of possible pairs (the product of the cluster sizes Nr ·Ns): 
 
 
Figure 2. Distances between individual elements used for calculating the distance between clusters 
in average-linking clustering algorithm. 
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No dimensional scaling is required for this exercise; the Euclidean distance is calculated 
in all 1000 dimensions of the topic space as described above. 
The result can be presented in graphical form as a dendrogram, showing the 
degree of similarity between elements. For example, a sample of six elements arranged as 
in Figure 3A would produce the dendrogram in Figure 3B. In the first step, d and e would 
be merged, then a and c would be merged into a separate cluster. Element b would be 
added to the a-c cluster, then the two large clusters would be merged. Elements f and g 
would be would be merged together, and finally added to the large cluster. The  
dendrogram’s structure reveals the distance relationships: the cross-bars connecting 
individual elements are positioned on the left side of the diagram if the elements are 
positioned close together, or on the right side of the diagram if the elements are further 
apart. Therefore, the d-e pair and the f-g pair have very different relationships, although 
they are both first-level clusters in the dendrogram. The b-a-c-d-e cluster represents a 
large grouping of similar elements, while the f-g cluster consists of two outliers that 
happen to be closer to each other than to all the other elements. 
The dendrogram was not originally planned as a part of the study. However, it is 
relevant to the rest of the results of this study in a rather mundane way: clustering by 
topic produces a natural order in which to display the results in all following diagrams. 
 
 
Figure 3. Example distribution of elements for clustering, and the dendrogram resulting from 
average-linking clustering. 
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Additionally, the clustering algorithm should reveal a real structure among the 
subdiscipline journals in this study. It does. 
 
2.3.3. Mapping of Journals by Citation Relationships 
To determine whether the citation relationships between subdiscipline journals 
reflect the topical relationships, I collected citation data on the 67 journals in this study 
using the “Cited References” feature in Thompson Scientific’s ISI Web of Science. I 
produced a similarity matrix based on the number of times that the articles in a journal 
cited or were cited by the articles in another journal (the similarity matrix is given in the 
Appendix, Table 10). Using multidimensional scaling (MDS), I created a map of journals 
wherein proximity serves as an analogue for the frequency with which articles in two 
journals cite each other. 
The journals were mapped using PERMAP, an interactive MDS tool. MDS is 
simply a method of visualizing, in two or three dimensions, the arrangement of elements 
positioned in a multidimensional space. The similarity matrix, with high values 
representing spatial proximity, is converted to a dissimilarity matrix, in which high values 
represent large distances between objects. The main goal of MDS is to preserve, as much 
as possible, the distance relationships between the elements in the dissimilarity matrix. 
Therefore, the MDS analysis moves objects around within the map space, checking the 
distances between the objects against the distances in the dissimilarity matrix. The 
individual badness of fit (Bij) between a similarity value in the similarity matrix (Dij) and 
the distance on the map (dij) is simply  
Bij = Dij - dij.  
An overall value for the “badness of fit” can be calculated for the entire map, called the 
“stress function” (Kruskal, 1964; Cox, 2001): 
( )
∑
∑ −
=
ij
ij
ij
ijij
d
Dd
Stress
2
2
1 . 
The map is produced in an iterative process, moving points and recalculating the 
stress function, until the change in stress function reaches some minimum threshold. 
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There exist local minima in the stress function, causing the map to occasionally converge 
upon a configuration that does not represent the most accurate portrayal of the 
relationships given in the similarity matrix. Therefore, the iterative process is restarted 
dozens of times, and the configuration with the overall minimum stress function value is 
considered the map that best presents a 2-dimensional representation of the positions of 
the points in multidimensional space. 
The resulting map is an imperfect, but potentially useful, representation of the 
similarities between elements. Larger distances are generally more accurate than small 
distances; the relationships of elements within clusters may not be trustworthy, but the 
existence and relative positions of the clusters are generally accurate. 
This particular data set exhibited indifferentiation, a phenomenon existing when 
the dissimilarity data cluster around a positive value. Equidistant points in a 
multidimensional space represent complete indifferentiation (Buha and Swayne, 2002). 
They appear in a 3-dimensional MDS map as a uniform distribution on a sphere, and in a 
2-dimensional MDS map as a circular disk within a sharp boundary (Figure 4A). For 
these data, a constant dissimilarity value would mean that the average of the citations 
between a pair of journals is directly proportional to the product of the times those 
journals are cited in the data set.  
These data exhibited only approximate indifferentiation, however, meaning that 
there is some variation in the frequency of mutual citations between journals. This 
variation represents real differences in similarity between journals. Applying a power 
 
 
Figure 4. Spatial arrangement of data from this study, showing approximate indifferentiation. A. 
Null structure of uncorrected data, exhibiting tight, disk-shaped structure. B. Data corrected with 
power transformation, exponent 0.2, showing increased clustering tendency. 
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transformation to the similarity matrix changes the distribution of similarity values 
(Figure 4B) and decreases the effect of indifferentiation. The exponent that results in the 
flattest distribution curve creates the map with the lowest stress values, showing more 
clearly the relative distances between elements. For these data, that exponent is 0.2 
(Figure 5). 
 
2.4. Results  
2.4.1. Major Subdiscipline Clusters 
A dendrogram produced during the learning phase of the classification exercise 
shows the major clusters of subdiscipline journals, defined by topical emphasis (Figure 
6). In this dendrogram, all elements are ultimately placed into one cluster. One chooses 
the level at which different clusters should be distinguished by positioning a vertical line 
somewhere on the diagram. Tie lines on the left of that vertical line connect elements in 
the same cluster. I positioned the boundary so that the sedimentary/stratigraphy cluster is 
distinct from the climate/oceans cluster, and so that the two planet journals fall into a 
single cluster (Figure 6). 
 
 
Figure 5. Distribution curves of similarity values for data in this study under eight different power 
transformations. An exponent of 0.2 yielded the flattest curve. 
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Interestingly, the journals fall naturally into at least six major subject areas, with assorted 
smaller groups whose distinct identities are less certain. A sedimentology/stratigraphy 
group, which includes petroleum and coal journals, is linked to a climate/oceans group. A 
solid-earth subject area consisting of tectonics, geophysics, and structural journals is 
loosely related to an earth-surface group that includes hydrology, geomorphology, and 
engineering and environmental geosciences. A paleontology group and a 
computers/mathematics group are outliers, both distinct at the highest level from all other 
groups and from each other. The larger hard-rock group has distinct sub-groups within it, 
including geochemistry, petrology, mineralogy, volcanology, and ore deposits, and has a 
small pair of outliers attached to it constituting a separate planets group. 
 
2.4.2. Results of Cross-Validation 
A confusion matrix illustrates the results of cross-validation of the journal classification 
model, plotting the number of articles from each actual class that fell into each predicted 
class. Within the confusion matrix, values on the diagonal indicate correctly classified 
articles. Figures 7 and 8 depict a confusion matrix for the final classification model with k 
= 1 and a matrix for one of the preliminary models with k = 20. Figure 7 illustrates the 
accuracy of the final model: more than 90% of the test articles from each subdiscipline-
journal class were correctly classified. In Figure 8, the diagonal values range from <10% 
to >90%. The dominantly vertical “striation” pattern indicates that the classified articles 
gravitate towards certain classes. This bias is common at higher values of k and is an 
effect of a difference in class size. The boxes delineate the major subject clusters from the 
dendrogram; we would expect many of the misclassified articles to fall within these 
boxes, due to the fact that the articles within each box are, by definition, topically similar 
to one another. The effect is better seen in Figure 7. 
 
2.4.3. Citation Relationships among Journals 
The citation-based map of geology exhibits slightly different relationships than 
those indicated by the dendrogram of topical clusters (Figure 9). (This map represents 
citation data from ISI Web of Science, rather than the title and keyword data from
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Figure 6. Dendrogram showing clusters of geology subdiscipline journals. Similar journals are 
joined with a tie line near the left of the diagram. Dissimilar are joined with a tie line near the 
right side of the diagram. The dashed line represents an interpreted cutoff level for delineating 
separate clusters.  
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Figure 7. Cross-validation confusion matrix for final classification scheme (k = 1) presented as a 
heat map. Cross validation leaves groups of articles out of the classification model and tests it by 
seeing how many articles are predicted to belong to the journal classes that they actually belong to. 
The shade of gray at a particular position represents the percentage of articles in an actual class 
(row) that fell into a particular predicted class (column). Because the actual and predicted journal 
classes are in the same order, the values on the diagonal represent correctly classified articles. 
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Figure 8. Cross-validation confusion matrix for a preliminary classification scheme (k = 20) 
presented as a heat map. For an explanation, see Figure 7. Because of the inncreased bias in k-
nearest-neighbor classification schemes where k > 1, a smaller percentage of the articles in this case 
fall on the diagonal of the matrix. 
  36 
GeoRef illustrated in the other figures in this section.) Paleontology is isolated from other 
groups. Sedimentology/stratigraphy journals are intermingled with climate/oceans 
journals; on the dendrogram, these two clusters are linked together. In contrast, the earth-
surface journals are more isolated from the solid-earth journals than would be expected, 
given their loose connection in the dendrogram. The solid-earth journals are interspersed 
with the hard-rock journals, however. The four petrology journals are closely connected, 
but the mineralogy group is much looser. In fact, it is difficult to discern much order in 
the cluster of hard-rock, solid-earth, and planets journals at the southern end of the map. 
The general-geology journals, plotted in this map but not in the dendrogram, are wedged 
in between the hard-rock group and the soft-rock group, except for Quaternary Research, 
which, as expected, plotted squarely within the climate/oceans group. The small sub-
group of geochemistry journals within the hard-rock group on the dendrogram (Figure 6) 
are well separated from the rest of the hard-rock group on the map (Figure 9), instead 
occupying the center of the map. The Journal of Geochemical Exploration plots closer to 
the geochemistry sub-group than the other two journals in the ore-deposits sub-group. 
The computers/mathematics group is in the general vicinity of the earth-surface group. 
The 3-dimensional map shows mostly the same relationships (Figure 10). More detailed 
analysis than this is unwarranted, given the tendency toward indifferentiation of the data 
and the indeterminate nature of small-scale structure in maps such as these. 
 
2.4.4. Volume of Geological Literature  
For the geology journals included in this study, the annual publication rate rose 
from fewer than 200 articles per year in six journals in 1900, to around 500 articles per 
year in 13 journals in 1945, to a total of around 6,500 articles per year in 67 journals in 
2000 (Figure 11). The only journals extant in 1900 were four general-geology, one 
mineralogy, and a geophysics journal (Table 3). 
Figure 11 shows the actual number of articles in 67 journals over 100 years. 
(These are not the results of the classification exercise—these are the actual number of 
articles published in each of the 67 geology journals over this time frame.) The figure 
indicates that, at the beginning of the twentieth century, general geology had only  
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Figure 9. Citation-based map of geology general and subdiscipline journals produced using 2-
dimensional multidimensional scaling. In this map, proximity represents similarity between 
journals, determined using the frequency of mutual citations between two journals from 1999-2001. 
The area of each circle is proportaional to the number of citations received per article during that 
time frame. Circle colors illustrate the groupings determined using the clustering algorithm (Figure 
6).  
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Figure 10. Citation-based map of geology general and subdiscipline journals produced using 3-
dimensional multidimensional scaling. In this map, proximity represents similarity between 
journals, determined using the frequency of mutual citations between two journals from 1999-2001. 
The area of each circle is proportaional to the number of citations the journal received per article 
during that time frame. Circle colors illustrate the groupings determined using the clustering 
algorithm (Figure 6). 
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Figure 11. Number of articles published each year in the 67 geology journals in this study. 
Individual journals are grouped into broad topical areas based on the clustering exercise (Figure 
6). A five-year running average was applied to increase readability. Note the transition in the solid-
earth group  
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around 1977 where the Journal of Geophysical Research switched to the Journal of 
Geophysical Research – Solid Earth. The transition was abrupt but is smoothed by the 
averaging process.  
spawned a few distinct subdisciplines: mineralogy, geophysics, volcanology, petroleum 
and economic geology, paleontology, and sedimentary research (Table 3). In contrast, the 
oceans/atmospheres group and the earth-surface group are young but productive. 
Comparing the early years at the bottom of the figure to recent years at the top shows that 
the solid-earth and hard-rock groups of journals have expanded proportionately more 
than any other group. This growth is due in large part to the Journal of Geophysical 
Research, which split into seven subjournals. Only parts A (Space Physics), B (Solid 
Earth), and E (Planets) met the qualifications to be included in this study. On the other 
hand, economic and petroleum geology, sedimentology, and paleontology groups have 
stagnated when compared to the rest of the geologic literature.  
Marring the monotonic expansion of geologic literature is the transient glut of 
articles published in response to the Apollo lunar landings in 1969, 1971, and 1972. The 
journal that absorbed most of the lunar-landing-related output is the Journal of 
Geophysical Research, which, in Figure 11, has a pronounced bulge centered on the early 
1970s.  
 
2.4.5. Topic Trends in General Geology  
Each general-geology article was assigned to a subdiscipline-journal class. For the 
entire body of general-geology articles, 14 major classes capture most of the articles. It 
appears that the areas of study represented by each of these subdiscipline journal classes 
Table 3. Earliest journals in this study. 
Journal of the Geologic Society 1811  Bulletin of the Seismological Society of America 1911 
Geological Magazine 1864  American Mineralogist 1916 
Mineralogical Magazine 1876  AAPG Bulletin 1917 
Geological Society of America 
Bulletin 
1888  Bulletin of Volcanology 1924 
Journal of Geology 1893  Journal of Paleontology 1927 
Journal of Geophysical Research 1896  Journal of Sedimentary Research 1931 
Economic Geology 1905  Geophysics 1936 
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either gained or lost influence over the study period, as evidenced by changes in the 
percentage of general-geology articles assigned to that particular class over the 55-year 
span (Figure 12). For instance, the American Association for Petroleum Geologists 
Bulletin-class (AAPG Bulletin) shows considerable influence in the 1940s and 1950s: 
around 16 percent of the articles published in general-geology journals during those years 
are classified as AAPG-Bulletin-type articles (Figure 12). The relative importance of the 
journal fell off over the next several decades, however, and only about 3 percent of 
articles published around the year 1995 are in the AAPG-Bulletin-class. The Economic 
Geology-class exhibits similar behavior. The percentages of articles matching those in the 
sedimentology-class, mineralogy-class, and paleontology-class journals (all the other 
journals in Figure 12A) underwent less precipitous declines over the entire study period.  
The journal classes depicted in Figure 12B, on the other hand, all increased 
slightly in importance over the study period, except for the Journal of Geophysical 
Research-class, which peaked in the late 1960s and declined again near the end of that 
decade to give way to articles that fit more appropriately into one of its subjournals, the 
 
Figure 12. Percentage of all general-geology articles by subdiscipline-journal classification. A. 
Classes whose relative influence decreased over the study period. B. Classes whose relative 
influence increased over the study period. Subdiscipline-journal classes that never constitute 
more than 5% of the classified articles are not included in this graph. Lines represent 5-year 
running average. 
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Journal of Geophysical Research B (Solid Earth)-class. However, none of the journals 
achieves the same level of importance that AAPG Bulletin-class and Economic Geology-
class had in the 1940s. In fact, the topics specific to those two journals alone account for 
about one-third to a quarter of the general-geology articles prior to 1960. The failure of 
another journal or two to replace the dominant ones from before 1960 reflects the 
proliferation of topics – the articles produced are divided among more topics than before. 
Subdiscipline-journal classes that increased in influence over the study period also 
include those corresponding to two tectonics journals (Tectonics and Tectonophysics), 
two geochemistry-related journals (Geochimica et Cosmochimica Acta and Contributions 
to Mineralogy and Petrology), and Palaeogeography, Palaeoclimatology, 
Palaeoecology, a journal dominating the field of paleo-environmental geology. Neither 
graph includes any classes corresponding to hydrogeology journals or environmental 
science journals. These classes capture less than 5 percent of the general-geology articles 
at any point in the study period.  
When we look at each individual general-geology journal and how its articles 
were classified in 1945 and 2000, we see that each general-geology journal has 
undergone an overall shift in emphasis (Figure 13). The labeled classes near the bottoms 
of the bar graphs have suffered a sharp decline in prominence, as shown by the difference 
between their 1945 and 2000 percentages: the classes corresponding to the AAPG 
Bulletin, Economic Geology, American Mineralogist, Journal of Palaeontology, and 
Journal of Geophysical Research are examples of journal-classes that lose influence 
(move downward) in several of the general-geology journals. In contrast, many of the 
journals near the top of the bar graphs have shown an increase in prominence (move 
upward), such as the classes corresponding to the Journal of Geophysical Research B, 
Tectonics, and Tectonophysics. However, some near the top of the graphs have actually 
decreased in the percentage of articles since 1945; for example, the Journal of 
Sedimentary Research-class within the Journal of the Geological Society of London, or 
the Palaeontology-class within the Geological Magazine. This reflects an increase in 
diversity among those two general-geology journals. Instead of publishing articles that 
fall into two or three classes, these journals are publishing articles that are spread among 
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many different subdiscipline classes. Here, as in Figure 12, we see a general shift from 
economic geology, mineralogy, and paleontology to tectonics, geophysics, and 
geochemistry. Also as in Figure 12, hydrogeology, engineering geology, and 
environmental geology subdiscipline classes are poorly represented within the journals in 
Figure 13.  
Each general-geology journal has its own recipe for content. The Geological 
Magazine alone continues to focus on paleontology and sedimentary research, with a 
sharp drop in mineralogy content. The GSA Bulletin has undergone a dramatic shift in 
focus from AAPG Bulletin and Economic Geology content to that of geophysics and 
tectonics journals. The Journal of Geology has a similar history to the GSA Bulletin, 
except that it has more of a focus on articles appropriate to Contributions in Mineralogy 
and Petrology. The Journal of the Geological Society of London had many articles 
similar to those found in the Journal of Sedimentary Research. This sedimentary-research 
subdiscipline has been edged out by the Tectonophysics-class, but still remains a 
dominant subdiscipline class. Articles from the Canadian Journal of Earth Sciences have 
always been spread out over many different subdisciplines--this journal began in 1963, so 
there has not been as much opportunity for change. Geology’s footprint is not drastically 
different from its mother journal GSA Bulletin. The only major development in Geology 
is that the Journal of Geophysical Research-class was supplanted by the Journal of 
Geophysical Research B-class in its prominent position.  
Two journals we allowed to act as general-geology journals even though their 
topical emphasis was on particular geologic time periods. As suspected, one of these 
journals fit the profile of a general-geology journal better than the other one did. 
Precambrian Research has a profile not unlike those of the other general-geology 
journals, except steeper and less distributed among the subdiscipline journals. However, 
Quaternary Research, is dominated by articles that would fit the subdiscipline journal 
Palaeogeography, Palaeoclimatology, Palaeoecology, and has been since its inception in 
1970. This supports the notion that Quaternary Research fits better into the 
oceans/climate group than the general-geology group and emphasizes the difference in 
the types of geologic processes deemed important over the time scale of the Quaternary  
  44 
 
Figure 13. Classification of articles from individual general-geology journals. Each pair of bars 
represents the percentage of articles sorted into a particular subdiscipline-journal class, one bar for 
the year 1945 and one bar for the year 2000. Three journals started publication after 1945, so the 
first bar represents the journal’s starting year: they are Geology (started in 1973), Precambrian 
Research (started in 1974), and Quaternary Research (started in 1970). The bar pairs are sorted 
according to their ranks in 2000. The subdiscipline journals constituting the largest percentages of 
articles for 1945 and 2000 are labeled on the diagram. 
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and other, longer time scales. While Quaternary Research occupies a space in the citation 
map within the oceans/climate group, Precambrian Research, on the other hand, is 
positioned near the general-geology, solid-earth, and hard-rock groups (Figures 8 and 9). 
 
2.4.6. Topic Trends in General Science  
From 1945 to 2000, there were 23,000 geology articles published in the general-
science journals. In the early 1970s, fully 20 percent of these fit the profile of articles 
published in Journal of Geophysical Research (Figure 14). As in the general-geology 
articles, the influence of this journal gives way to a rise in articles that fit into its Solid 
Earth offspring. The Journal of Paleontology-class decreases from 20 percent of articles 
around 1945 to 5 percent of articles from 1965 on. The Geochimica et Cosmochimica 
 
Figure 14. Percentage of all geology articles from general-science journals by subdiscipline-journal 
classification. The eight classes shown are divided among panels A and B for better visibility. 
Journals that never constitute more than 5 percent of the classified articles are not included in this 
graph. Lines represent 5-year running average. 
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Acta-class retains around 10 percent of the general-science articles from 1965 on. The 
influence of other journals decrease drastically in the 1950s and 1960s. Notably absent 
from these graphs are not only the classes corresponding to hydrogeology, engineering 
geology, and environmental science journals, but also those corresponding to the two 
tectonics journals. 
 
2.5. Discussion  
2.5.1. Trunk and Twig  
Geology has followed a roughly logistic trend predicted by de Solla Price (1963), 
growing and twigging over the past century. However, the growth of geological journals 
in this study has not expanded as regularly as the journals in de Solla Price’s study. 
Fourteen of the journals in this study were extant by 1945; from then to 1960, only five 
journals were added. In the next fifteen years, however, 24 new journals were added.  
De Solla Price used population dynamics as a model for journal growth, 
predicting that, if there is a ceiling to the number of publications produced each year, the 
growth ideally takes on a logistic pattern that is symmetric about an inflection point 
(Figure 15A). However, he also proposed several alternative growth patterns. One he 
calls “escalation,” in which new phenomena are permitted to contribute to growth (Figure 
15B). In scientific literature, where new areas of interest and major events fuel the 
research fires periodically, this might be the most appropriate model. Interestingly, de 
Solla Price predicted that the 1940s and 1950s were the inflection point for scientific 
growth, and that the big science era would be the harbinger of a series of violent 
fluctuations in scientific output as the scientific literature approached its carrying 
capacity (Figure 15C). It is evident from Figure 11 that, if geology has reached a ceiling, 
that ceiling has moved at least once or twice, as in the escalation model (Figure 15B). 
The actual pattern of growth of the geological literature probably reflects the influence of 
a number of variables, such the economics of publishing and distributing, which have 
been altered drastically by the presence of the Internet and electronic publishing. 
A possible reason for twigging is illustrated in Figure 11: the specialized 
subdiscipline geologist has more reading to do to keep up with a subdiscipline today than 
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the geologist in 1945 had to do to keep up with the entire discipline of geology in 1945. 
This is both cause and result in a feedback loop that ever increases the number of 
geologic specialties. It appears that Hubbert’s vision for the future was correct, in a way. 
He lamented that geologists, who consider themselves students of the earth,  
have tended to become students of minerals, of rocks, of ore deposits, of coal, of 
petroleum, of strata, of fossils, of deformational structures, of volcanoes, of 
erosion and landforms, and of the physics and the chemistry of the earth. (1963, 
p. 377) 
In fact, the small cluster of geology journals has blossomed into an array of journals 
focused on different subdisciplines, specialties, and subspecialties. Ironically, Hubbert 
made his comments over 40 years ago, before most of these journals came into being 
(Figure 11)! The “problem” is evidently more advanced than even he anticipated. But, 
contrary to his expectations--and contrary to the worries of geologists decades later--the 
latter half of the twentieth century has been perhaps the most productive in the history of 
geology. It is worth noting that, at the same time that King lamented the encroaching 
destruction of geology, de Solla Price pointed out the relativism of any one scientist’s 
perspective of the scientific literature: 
Scientists have always felt themselves to be awash in a sea of scientific literature 
that augments in each decade as much as in all times before (1961, p. 15). 
Perhaps twigging, instead of inhibiting scientific growth, acts to preserve forward 
momentum within a particular discipline. Surely the splitting of an overlarge, 
Figure 15: De Solla Price’s models for growth of scientific literature. A. Logistic curve. B. Stacked 
logistic curves characteristic of escalation. C. Oscillations that de Solla Price predicted would follow 
the big science era. 
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unconsolidated discipline would result in smaller but more cohesive units. Might not 
work within these specialties then proceed more efficiently than before? That geology has 
expanded without serious interruption for half a century into an increasingly multifaceted 
state would certainly support this notion.  
 
2.5.2. Little Geology, Big Geology  
Plate tectonics is cited by many to have provided the fuel for geology’s rapid 
expansion in the latter half of the twentieth century (e.g., Oldroyd, 2002). However, there 
is another important element to the shift in geologic consciousness, one which has a very 
specific onset: July 20, 1969. GSA President Morgan J. Davis commemorated the event 
as it passed:  
It has been my good fortune to have served as President of GSA during probably 
the most momentous year the geological profession has ever known. I refer, of 
course, to the lunar landing and the subsequent opportunities afforded to some 
of our colleagues to examine the first rocks ever brought, by man, back to Earth 
from another member of our solar system. (Davis, 1970, p. 331) 
The lunar landings were part of, as another GSA president put it, a “double-
barreled revolution of plate tectonics and planetary exploration” (Ernst, 1987, p. 2). The 
lunar samples and the intellectual fervor that they created were nowhere more profound 
than in the field of geology. More than an interesting but unrelated side note to the 
history of modern geology, the event produced a shift in scientific consciousness as 
fundamental as that resulting from the plate tectonics revolution (Oldroyd, 2002).  
While important parts of geology became inextricably linked with physics, 
partly as a result of the plate tectonics revolution, it also became entwined in the 
latter part of the twentieth century with space science and aeronomy, so that we 
now find congresses in which the participants are partly earth scientists 
(seismologists, geomagneticians, tectonics specialists, etc.) and partly space 
scientists and space engineers . . . or even astronomers.  
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The study of the Earth is now enriched by investigations of the Moon and 
planets. Geomagnetic studies (so important in the plate tectonics revolution) are 
linked to investigations of the Sun, the ionosphere, etc. Studies of movements of 
faults and plates are facilitated by the use of new techniques such as GPS, 
themselves made possible only by the work of artificial satellite engineers. Well 
before the end of the twentieth century, one of the leading journals for geologists 
was Earth and Planetary Science Letters. On the other hand, it should be 
emphasized that the effect of plate tectonic theory on the day-to-day activities of 
many geologists, particularly applied geologists, was often quite small. (p. 4) 
The lunar missions and subsequent study of the lunar samples constitute one of 
the best examples of a big science event throughout geology. Millions of dollars, 
thousands of people, and dozens of research institutions were involved in the 
undertaking. Mabe and Amin (2001) mention it as an example of big science (though 
they made no mention of its effects on geology). The deluge of scholarly articles directly 
concerning the lunar samples is transient (Figure 11); however, several years later the 
Journal of Geophysical Research spun off the subjournals Planets and Space Physics. 
Countless other geology-and-space journals now support the new subdisciplines spawned 
as a result of this event. Note that I structured this study to eliminate transient events such 
as this by excluding monographs and special issues from this data set. Its prominence in 
these results only emphasizes its impact on geology. 
Another big science event that has most likely transformed geology is the Deep 
Sea Drilling Project, which began in 1968, was re-formed as the Ocean Drilling Program 
in 1983, and reappeared in 2003 as the Integrated Ocean Drilling Program. Its impact on 
the geological literature was not as obvious in these graphs as the lunar expeditions; but 
some of the most important research projects in the plate-tectonics revolution were 
associated with this program.  
Big science necessarily includes some concept of scientific specialist. Big science 
uses expensive equipment and teams of scientists. We may infer that each person on the 
team has more or less a singular role in the team, and that the team produces a product 
that any one of its members would have been unable to produce. As such, big science 
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constitutes an example of “distributed cognition,” a process whereby the cognitive tasks 
in an enormous project like navigating a ship are distributed among members of a group 
(Hutchins, 1995). This is a concept recently applied to scientific research (Giere, 2002; 
Magnus, 2007), and it changes the way we view science at its most fundamental levels. It 
is as Hubbert feared: each scientist, being a specialist in a particular discipline, will 
probably never comprehend the totality of the group’s research. However, the fact 
remains that big science cannot be undertaken by a single person. Neither Galileo nor 
Einstein, with his staggering genius, could bring rocks back from the moon.  
 
2.5.3. Discipline Drift  
In his description of the impact of the lunar landings on geology, Oldroyd (2002) 
speaks in terms of tangible changes in the structure of the science. However, both that 
event and the plate tectonic revolution also instigated small but pervasive changes in the 
discourse of geology. By characterizing the journal classes in terms of keyword and title 
vocabulary, I have begun to quantify the change in the structure of the field of geology by 
measuring these subtle shifts in language. In doing this, I have traced the rise and fall of 
several major geologic specialties.  
The longest-lived journals reflect the early development of geology as a field, 
which evolved along two major lines: the investigation of earth materials (mineralogy 
and petrology) and the support of mining and engineering (Laudan, 1987). Paleontology 
evolved along with biology and the investigation of Earth’s history, and the practice of 
science within early scientific societies gave rise to the general geology journals (Porter, 
1978). Despite their importance in the early history of geology, the three oldest 
subdisciplines have fared badly in keeping up with the expansion of the field. For 
instance, the absolute number of general-geology articles having to do with economic and 
petroleum geology has not changed substantially over the 55-year study period. As the 
other subdisciplines expand rapidly, the relative importance of economic and petroleum 
geology articles drops. Other areas of study have gained some of the ground that these 
subdisciplines have lost:  
  51 
1. Articles incorporating plate tectonics terminology are a substantial part of the 
general geology literature now. Although the plate tectonics revolution itself has been 
studied from many different angles, this study shows the most material change that it 
made in the science of geology. As Oldroyd (2002) pointed out, plate tectonics may not 
have drastically affected the daily operations of the average geologist. It has, however, 
substantially revised the geologist’s vocabulary. Over the time span covered in this study, 
the advent of plate tectonics brought into the geologic literature an array of terminology 
that has embedded itself permanently in our geologic lexicons. As a unifying theory for 
geology, plate tectonics pervades geologic thought and vocabulary at almost all levels. 
Thus, even articles that are not explicitly about plate tectonics show the influence of 
terms associated with the theory. It is these terms that our classification model picked up 
on when sorting articles into the Tectonics- and Tectonophysics-classes. Perhaps it is this 
pervasiveness of thought and word that philosophers acknowledge when they cite plate 
tectonics as the quintessential paradigm shift, even though they seldom agree on the 
degree and impact of the actual changes that took place (for instance Frankel, 1978; 
Kuhn, 1962; Laudan, 1978; Le Grand, 1988; Ruse, 1978; Solomon, 1992).  
2. The impact of the lunar landings on the Journal of Geophysical Research, the 
general-science journals, and the general-geology journals shows that the bulk of the 
literature explicitly treating the moon rocks came and went in the early 1970s. As with 
plate tectonics, however, planetary exploration has effected permanent change in the 
science of geology. From 1969 on, the Earth has been seen primarily as a part of an 
evolving solar system. Increasingly, man-made satellites are used to gain an extra-
terrestrial view of various earth features. Evidence of this event’s lasting impact is visible 
in the continued existence of related journals, and in the influence of these topics in 
general-science and general-geology journals.  
3. Before the 1950s, paleontology was more than simply a subdiscipline of 
geology. It was the major tool used by geologists to determine the relative ages of rock 
formations. This particular use of paleontology was once an integral part of any geologic 
study and a vital tool in petroleum exploration (Weller, 1947). However, the development 
and popularization of mass spectrometry and related techniques allowed isotopic dating 
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procedures to supplant biostratigraphy as the main method for constraining rock ages. 
Paleontology has since suffered a decline in status as a geologic subdiscipine, with 
material decreases in the number of practitioners, course offerings, students, and job 
opportunities (Cooper, 1958; Lane, 1989; Radenbaugh, 2005). The citation map covering 
1999-2001 reflects the isolation of paleontology journals from other journals. 
 
2.5.4. Pure Geology, Applied Geology  
It would be tempting to say that the apparent decline in importance of petroleum 
and economic geology articles simply parallels an actual decline in production of 
economic minerals, punctuated by the closing of the US Bureau of Mines in 1996. To a 
certain extent this is true (Ernst, 1987). Although the production of minerals in the United 
States has since recovered from the recessions in the 1970s and 1980s, the onset of 
environmentalism prevented a return to the status quo (Tilton & Landsberg, 1997). 
Mining companies and petroleum companies are now under strict obligations towards the 
environmental status of the areas that they exploit. The financial burdens of 
environmental regulations drove many smaller mining firms out of business, and changed 
the net value of mineral deposits by making them much more expensive to extract. At the 
same time, progress in mining technology and a strict eye on the financial bottom line 
increased the efficiency of mining operations (Energy Information Administration, 2007), 
causing a relative decrease in the personnel needed per ton of mineral extracted, and 
causing the role of the geologist in mining to change altogether (Chase et al., 2006).  
However, there is more going on than economic factors can account for. Taken 
together, petroleum and mining industries have not become less important or influential 
to geology or society as a whole. They seem to have all but disappeared from the general 
geology journals, however. Similarly, environmental geology is not represented at all on 
the charts in this article, even though it is considered by many to be the major focus of 
geology in the current decades (for example, Ernst, 1987; Zoback, 2001) and is a major 
employer of geoscientists. In fact, it is interesting to compare Figure 11 with what we 
know about geologic employment. According to the National Survey of College 
Graduates (conducted by the National Science Foundation, USA), in 1993, 95 percent of 
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the working geologists surveyed were in industry, consulting, and federal government in 
the areas of petroleum, mining, and environmental geology. None of the major journals in 
each of these fields constitutes more than 5 percent of articles in the general-geology 
(Figure 12) or general-science journals (Figure 13). There is still a respectable rate of 
publication within subdiscipline journals for each of these fields. That they are grossly 
under-represented in the general-science and general-geology journals indicates that the 
separation between pure and applied geology is all but complete. The degree of 
connection between the pure and applied sciences is unclear in earlier years, as geology 
did evolve along several separate lines of research. 
The dichotomy between pure and applied geology is only one of several pairs of 
antipodal descriptors that apply to the general trends of geology in the past half-century. 
Both Biglan (1973) and Kolb (1981) created classifications of the sciences based on the 
contrast between hard (abstract) and soft (concrete) sciences and pure (reflective) and 
applied (active) sciences. The active sciences are often considered not to be sciences at 
all, but rather professions. Geology is no different.  
Many scientists have also noted a trend away from more observational methods of 
working towards theoretical concerns:  
I believe examination of the pages of the Society’s Bulletin will show a 
progressive increase in emphasis on principles, rather than observations, and 
should be regarded as characteristic of the intermediate stage in the development 
of the science. (Nolan, 1962, p. 274)  
These are generally assumed to be a sign of maturation in a science. During the 
maturation process, a science is also assumed to move from the field to the laboratory, 
becoming more experimentally driven as time goes on (Bazerman, 1984; Battalio, 1998). 
These trends show up in the results of our classification exercise. Movement away from 
descriptive subdisciplines like paleontology and sedimentology, and towards 
subdisciplines like geophysics and geochemistry, indicates that geology as an area of 
research is becoming an increasingly pure, physics-based science. The shift towards a 
“purer,” more laboratory-based version of geology is consistent with reported pressures 
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on the science from years past, and it accords with expectations of geologists in the big 
science era.  
 
2.6. Conclusions  
This study of the connections between multi-discipline, discipline, and 
subdiscipline journals shows that geology is very heterogenous, being composed of 
around six large subject areas: sedimentology/stratigraphy, climate/oceans, solid-earth, 
earth-surface, hard-rock, and paleontology groups, as well as very small 
computers/mathematics and planets groups. The relationships of the journals in these 
groups is similar whether determined by mutual citation frequency or topical similarity, 
with minor exceptions. 
Geology has expanded and fragmented into ever-smaller subdisciplines according 
to the expectations of de Solla Price (1963) and the fears of Hubbert (1963). It has been 
boosted into the realm of big science with help from two powerful events: the unifying 
theory of plate tectonics and the intense burst of interest inspired by the lunar landings. 
These two events have also left lasting marks on the language and literature of geology, 
evidenced in the influence of tectonics journals and planetary-science journals on general 
geology.  
Over the same timeframe, applied and pure geology have fully separated. In the 
general-geology and general-science journals, there has been a large drop in emphasis on 
applied geology. This move reflects not only the difficulties experienced in the fields of 
petroleum and economic geology, but also the movement of geological research towards 
purer, more quantitative physics- and chemistry-based methods and theories.  
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Chapter 3 
 
3. The Microstructure of Geology 
3.1. Introduction 
The rigor of geological arguments is often questioned by those expecting geology 
to result in predictions of such things as earthquake magnitudes, petroleum reserves, and 
sea level changes. When this happens, a certain amount of tension is created between the 
popular conception of science, in which exactitude is assumed, and the dexterity with 
which geologists manage the ambiguity and uncertainty so central to our ways of 
reasoning. Attempts to pin down the combination of influences on geological reasoning 
have been complicated by the fact that geology has apparently changed in character 
considerably during the twentieth century. The field-based, interpretive, and historical 
manner of investigation that geologic philosophers felt themselves bound to explain and 
defend seems to be losing ground to experimentation and laboratory work, precisely the 
kinds of activity that philosophers claim is inadequate to achieve true understanding of 
geologic phenomena. 
How do we begin to explore the notion that geology might be changing at the 
fundamental level? We must first find a systematic way of determining whether these 
apparent shifts in geological practice and thought are real trends over time, and if so, 
what areas of geology they are occurring in. 
I take the position in this chapter that certain distinguishing characteristics of 
different scientific activity and reasoning can be identified from rhetorical features seen 
in the literature of geology: e.g., how space is used in geological papers; how figures and 
other visuals are used to support geological arguments; how complex and theoretically 
loaded the text is. These structural, visual, and linguistic features of geological papers are 
quantifiable. I will apply such measures in two related studies of the geologic rhetoric 
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contained in research papers in the Geological Society of America Bulletin (GSA 
Bulletin): a longitudinal study of how articles in the GSA Bulletin have changed over 
time, and a latitudinal study of the year 2005 comparing articles in the GSA Bulletin with 
articles in other journals covering subdisciplines of geology.  
In the last chapter, while searching for evidence of changes in geologic topical 
emphasis during the last half of the twentieth century, I found that the growth of 
geological literature occurs through the creation of new journals and new subdisciplines. 
It is possible that this twigging process diminishes the visible changes within the core 
literature in the trunk of the geological corpus. In the present study, I seek to examine 
how this twigging process has affected individual journal articles  
In this study, I find results that speak to changes in the manner of creating 
geologic knowledge on a broad scale, but it was difficult to match these changes to 
particular descriptors (historical, interpretive, etc.). I therefore found that the most useful 
way to distill the different facets of geologic philosophy into a single concept was to use 
the idea of hardness and softness in science. 
 
3.2. Background  
3.2.1. Hard Science, Soft Science 
The popular conception of science is a relic of the outdated logical-positivist 
philosophy of science, most notably the notion that the goal of creating uncontestable, 
exact knowledge could be achieved by prescribing a scientific methodology (Hacking, 
1981; Koulaidis and Ogborn, 1989; Hodson, 1998). The positivist philosophy gets its 
name from Auguste Comte, who recognized systematic differences in the practices of 
different scientific disciplines and in the certainty of their resulting knowledge claims. 
For Comte, clarity is achieved by simplifying complex systems; universality is attained 
by generalizing and abstracting classes and objects; and science progresses by speculative 
activity at the boundaries of knowledge (Comte, 1855). He wove the ideas of generality, 
abstraction, simplicity, and innovation into a single concept that he called “positivity.” 
Positivity, as Comte saw it, is simply the ability of a science to create exact knowledge. 
Comte arranged the sciences of his day in order of the amount of positivity, with 
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mathematics and physics (including astronomy) at the top, the complex natural sciences 
in the middle, and sociology at the bottom. This hierarchy of sciences has turned up again 
and again, apparently embedded in the scientific consciousness (Whewell, 1847; Stanley, 
1884; Lodahl and Gordon, 1972; Biglan, 1973; Humphreys, 1990; Becher, 1994; Baker, 
1999; Smith et al., 2000). Indeed, there is evidence that “scientists in all fields strongly 
believe that a hierarchy exists and that the perceptions of the hierarchy among scientists 
in different fields are almost identical” (Cole, 1983, p. 115).  
Few perceptions of the hierarchy of the sciences are positive, however. 
Practitioners of soft sciences have resented the value judgment implicit in the hierarchy. 
Gould, a paleontologist and champion of historical, interpretive science, refers to the 
hierarchy as a “false continuum” (1987, p. 97) and interrupts his discussion of the 
fabulous Burgess Shale fauna to literally plea for the status of paleontology (1989, p. 
280-281. However, the hierarchy of the sciences seems to describe a real difference 
between the analytical sciences producing internally unassailable statements about an 
idealized universe and the synthetic sciences seeking qualitative understanding of a 
complex, real world. The hard/soft distinction can therefore be a useful starting point, 
familiar to most scientists, for a discussion of the directions in which geologic research is 
moving, and positivity is a useful foil for the nature of geologic reasoning and 
information.  
Positivity is roughly synonymous with hardness in science (Storer, 1967; Hedges, 
1987; Smith et al., 2000). “Hardness” is used here in the same sense as it is used in 
ranking the minerals in Moh’s mineral hardness scale. In both cases, hardness is relative: 
one mineral is harder than another if the first scratches the second. Just as quartz is easily 
scratched by diamond, so geology is expected to yield to the authority of physics. 
The analogy, though fanciful, is apt: Comte’s hierarchy gained influence during 
the Victorian Era, when each scientific discipline was questioning how well its 
knowledge claims stood up to direct conflict with claims from another source of 
authority, such as government, religion, or other scientific disciplines (Turner, 1978; 
Humphreys, 1990). It was a time, says Porter, when scientific “boundaries were ill-
established, and honour was important but vulnerable” (Porter, 1978, p. 824). It was a 
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time when geology had recently separated itself as a scientific discipline and its 
practitioners had yet to prove their “scientific credentials” (Porter, 1978, p. 824). 
Of particular note are the few episodes where geological field evidence conflicted 
with physical theory, was discounted because of geology’s relative softness, and was 
vindicated by later advances in the field of physics. For instance, Lord Kelvin’s estimate 
of the age of the earth based on its rate of cooling superseded the evidence presented by 
geologists for many years, until the discovery of radioactivity provided an ongoing 
source of heat within the earth’s interior (Burchfield, 1975). The moral of these stories is 
that geology’s strength lies in its synthetic character: analytical thought guarantees 
exactness but not a true correspondence to nature. Although the logical-positivist 
philosophy has largely been replaced within the philosophic and more sophisticated 
scientific communities by other, more complex conceptions of scientific progress that 
include significant cognitive and social components (for example, Quine, 1966; Kuhn, 
1970; Merton, 1973; Feyerabend, 1975; Giere, 1990), the influence of the hierarchy of 
the sciences, the supremacy of physics, and the reducibility of geology to physics have all 
lingered in the scientific consciousness. They now form sociological pressures within 
geology, as Baker (1993) points out. 
Inherent in the idea of scientific progress is the idea that a particular discipline 
becomes harder over time. This concept was central to Comte’s philosophy; he actually 
believed that areas of knowledge moved through three phases as they developed, only the 
last of which is science. As a corollary to the hardness concept, the idea of increasing 
hardness seems similarly pervasive among the scientific community (see for instance 
Bazerman, 1984; Battalio, 1998; Smith et al., 2000). This is somewhat appropriate—
science is meant to advance towards a state of knowledge that reflects the actual state of 
things. Trouble occurs when the trappings of hardness are assumed without a basis in 
logic (see Baker and Twidale’s (1991) and Baker’s (1994) discussion of geomorphology).  
The logical-positivists’ motivation to prescribe a single scientific method for all 
sciences is the underlying belief that the subject matter of all sciences is fundamentally 
similar, and that other sciences need only emulate the methodology of physics to 
duplicate its success (Neurath et al., 1971; Creath, 1996). However, within geology, it 
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has been recognized that the manner of investigation particular to physics is not at all 
appropriate for many of geology’s most interesting problems. The complexity and 
historical nature of these problems dictate that geology’s unique modes of reasoning are 
irreducible to the scientific methodology that serves most of the public as a definition of 
science (Kitts, 1977, 1978; Frodeman 1995; Baker, 1996; Lane and Richards, 1997; 
Spedding, 1997; Phillips, 2004). It took the philosophical and scientific advances of the 
twentieth century to make us understand that soft science does not equal non-science. 
Although geologic knowledge is rarely expressed in exact terms, geologic activity does 
result in certitude. To take just one example, geologists are justified in being certain that 
plate tectonics is operating on Earth today. Many softer sciences have accumulated 
enough empirical evidence of their success that they can now counter the exclusionism 
often attached to the hierarchy of the sciences, embodied most iconically in Rutherford’s 
legendary assertion that “all science is either physics or stamp collecting” (Birks, 1962).  
Disciplines that deal with complex systems have limits on the level of positivity 
achievable, and therefore complexity plays a central role in the hierarchy of the sciences 
(Simpson, 1963; Schmaus, 1982; Massey, 1999). We now know that taming complexity 
is more than just a problem of adequate data-gathering: the behavior of truly complex 
systems cannot be predicted based on the behavior of their constituent parts. Disciplines 
like geology that address real, complex systems can never achieve exactitude; the best we 
can hope for is to approach it asymptotically. An alternative goal for sciences such as 
geology is understanding (Baker, 1994; Frodeman, 2003). However, disregarding 
positivity as a value in geology may mean turning our backs on what society needs from 
geology: concrete and predictive knowledge of earth processes. 
Geology does, in fact, seem to be taking on the appearance of hardness: many 
have noted that geology has become more experimental, quantitative, and laboratory-
based, and more dependent on physics and chemistry over time (Kitts, 1978; Gould, 
1987; Baker, 1994; Dott, 1998; Oldroyd, 2002; Radhakrishna, 2005; Fratesi and Vacher, 
2008). However, the uncertainty inherent in complex systems cannot be overcome simply 
by borrowing methodologies from the hard sciences. Relying more and more on scientific 
activities associated with hard science might seriously affect the logical basis of geology.  
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This study represents the beginnings of a line of inquiry into the effects of these 
changes in geology; it is an examination of the extent to which the apparent shifts in 
geological practice and thought are significant trends over time. In this investigation, I 
track elements of rhetoric in journals that have been demonstrated to represent particular 
types of scientific thought or activity. 
 
3.2.2. Geologic Rhetoric 
The argument structures in scientific articles are complex and depend greatly 
upon the particularities of the theoretical structure within which an argument is 
embedded. Diagramming the actual argumentative structure, which would be the most 
direct way of ascertaining how geologists marshal proof in these articles, is therefore 
difficult (Suppe, 1998; Hardcastle, 1999). Researchers in computational linguistics have 
pursued this problem mainly to facilitate automatic indexing of scientific articles by 
computers (for example Teufel and Moens, 2002). Most studies center on finding 
regularities among language, structure, and visual elements in scientific articles and 
examining how these elements encapsulate a scientific argument. Progress is made by 
finding how these elements differ between disciplines, or how they change over time. 
The elements described here belong to the rhetoric of science. Rhetoric and 
dialectic, along with grammar, constitute the three original liberal arts of the Western 
world. Both rhetoric and dialectic were ultimately aimed at persuasion. Dialectic was the 
more rational of the two; however, rhetoric also encompassed important argumentative 
tactics. During the sixteenth and seventeenth centuries, the capabilities of argument were 
reassigned to dialectic, leaving only ornament and arrangement to rhetoric (Fahnestock, 
2005). Because the rational content of “rhetoric” had been excised from the definition, 
the term took on a pejorative tone, associated with misleading persuasive tactics empty of 
rational basis.  
Rhetoric cannot be completely separated from the “higher” function of dialectic, 
however. While scientific persuasion is ostensibly rational, and therefore dialectical in 
nature, Kinross (1985) points out that every rational message carries some connotative 
qualities, even something so bland as the unadorned timetables of railways and asserts 
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that the commonly made distinction between “design for information” and “design for 
persuasion” is not at all clear. I will thus use the term “rhetoric” to cover all of the 
concepts of argument and persuasion included within the rhetoric/dialectic/grammar 
constellation. In scientific journal articles, these include such things as choices of what 
language to use, what graphics to include, which data to present, and how to present 
them. Different types of scientific activity leave different traces in the rhetoric of an 
article. In this study, we recognize three major categories of rhetorical features in 
scientific papers: visual, linguistic, and structural. 
 
3.2.2.1. Visual Elements of Rhetoric 
To a certain extent, all scientific reasoning and communication depend on visual 
representation (for example Rudwick, 1976; Lynch, 1985; Miller, 1986; Lynch and 
Woolgar, 1990; Gooding, 2003, 2004, 2006; Fahnestock, 2005; Baldasso, 2006). The 
complexity of scientific theories may well be constrained by the information-carrying 
capacity of scientific articles. If so, theory development depends on the development of 
graphics and other elements that fit Bruno Latour’s (1990) definition of “fast mobiles”, 
informative elements that are dense with theory and embedded symbols, allowing experts 
to swiftly absorb complex relations. 
Cleveland (1984) established that natural science journals had a larger area 
devoted to quantitative graphs than mathematics or social science journals. The Journal 
of Geophysical Research was the most graphically dense journal of all the disciplines, 
with 32% of its area taken up by quantitative graphs. (Cleveland classified it as a physics 
journal.) Smith et al. (2000) asserted that a journal’s perceived hardness was predicted 
best by the percent of the article’s page space occupied by quantitative graphs and agreed 
with Latour (1990) that inscribed visuals are indispensable to the rhetoric of science: 
The centrality and pervasiveness of graphs in science led Latour to conclude that 
scientists exhibit a ‘graphical obsession’, and to suggest that, in fact, the use of 
graphs is what distinguishes science from nonscience. (Smith et al., 2000, p. 75, 
emphasis theirs) 
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Cleveland is careful to point out that it is not simply the quantitative nature of the 
journals, but the quantitative, graphical nature of the journals that is perceived as 
hardness. Numbers in tables do not count in his classification. 
Geology is fertile ground for studies of the visual nature of science. Rudwick’s 
(1976) study of the evolution of geologic graphical types and the role they play in hosting 
new types of geologic information and reasoning is a model for the study of visual 
discourse (Fahnestock, 2005). Gooding (2003) cites images of magnetic stripes on the 
seafloor as pivot points in the plate tectonics revolution, providing irrefutable evidence of 
seafloor spreading that, due to their visual nature, could not be ignored. Rowley-Jolivet 
(2002, 2004), studying the visuals used in scientific presentations, found a range of visual 
rhetoric in each geologic presentation, from photographs of fieldwork to SEM 
“photographs” to maps to graphs of data (Table 4). Each type of graphic implies a 
different level of knowledge claim within the paper, and these graphical elements are 
arranged into a sequence that structures the entire argument, with different types of visual 
elements assigned to different levels of knowledge claims. Maps and cross-sections 
describe the physical, temporal, and intellectual setting; photograph-like images 
catalogue observations and patterns; graphs present quantitative information; diagrams 
illustrate the conceptual model, and a diagram or bulleted list outlines the conclusions. 
Table 4. Visual types and knowledge claims in geological oral presentations (after Rowley-Jolivet, 
2002, 2004). 
Visual Type Stage in research process Level of claim 
Maps and cross-sections Setting the scene: established 
geological knowledge about the 
region (spatio-temporal features) 
Zero or minimal 
Figurative I images (landscape 
photographs, outcrops, rocks) 
Fieldwork: sampling and spatial 
associations/relations 
Low 
Observation with naked eye 
Figurative II images (SEM, 
TEM, reflectance, mass spec) 
Back in the lab: visual 
examination under the 
microscope 
Low to medium 
Mineralogy, texture, 
nanostructure 
Graphical traces (graphs, ternary 
diagrams, chromatograms) 
Physico-chemical analyses 
(‘invisible’ characteristics, 
quantitative information) 
Medium 
Quantification, comparison 
with reference data 
Computer-generated model Modeling the geological process 
at work 
High 
Hypothesis/explanation of the 
genesis of phenomena 
Graphical (synoptic diagram) or 
Scriptural 
Conclusions  
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Jolivet noted that when inexperienced presenters showed a graphic that didn’t match the 
accepted pattern, the audience responded by questioning the claims made in the graph, 
virtually ignoring any spoken content. 
 
3.2.2.2. Linguistic Elements of Rhetoric 
Linguistic studies of scientific articles have generally been based on various 
esoteric measures of linguistic style and have shown a connection between the types of 
reasoning in scientific investigations and subtle differences in the language used in the 
journal articles. For instance, in a study covering 200 years of scientific articles, Bruss et 
al. (2004) found that, over time, sentences became more complex, more causal verbs 
were used, and other indicators of analytical and logical difficulty increased – in short, 
the articles became more theory-laden and abstract over time, and the language reflected 
this change in measurable ways. Similarly, Argamon et al. (2008) and Dodick and 
Argamon (2006) have been able to distinguish writings in the historical and experimental 
sciences by the relative frequencies of certain functional words within the writings.  
Hyland (1998, 2005), comparing the hard and soft sciences, found different 
frequencies of different types of metadiscourse—words or phrases that are self-reflective, 
in which the writer signals text organization, evaluates the contents of the text, or 
conveys attitudes to readers. Major categories of metadiscourse include interpersonal 
metadiscourse (words or phrases that refer to the author’s perspective in a writer-reader 
relationship, for instance perhaps, unfortunately, clearly, note, and we), and textual 
metadiscourse (words or phrases that help structure the argument and establish the 
writer’s propositional meaning, for instance, therefore, finally, Figure 1, according to, 
and such as). In Hyland’s (1998) study, astrophysics and microbiology had lower 
densities of metadiscourse overall, mostly because they used considerably less 
interpersonal metadiscourse than applied linguistics and marketing. Physicists used more 
endophoric markers (referring to information in other parts of the text) than other 
disciplines, biologists used evidentials (referring to information from other texts) and 
code glosses (helping readers grasp propositional content) more often than other 
disciplines.  
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One type of metadiscourse of particular interest to geologists is the hedge. Hedges 
are words that diminish the strength of a statement (e.g., “maybe” or “likely”). In 
Hyland’s (1998) study, hedges occurred most frequently in all disciplines except for 
astrophysics, where logical connectives were the most often used. Kitts (1977) asserted 
that geologists use hedges in a logical function, as markers that signal the inherent 
uncertainty within geologic statements, acknowledging that every geologic law has 
certain conditions under which it applies. By using hedges, geologists can leave the 
boundary conditions unspoken and allow the reader to bring to bear his “trained judgment 
of exceptions (Kitts, 1977, p. 135). Kitts used hedges mainly as a placeholder in a logical 
framework, a way of fitting geological reasoning within a logical-positive framework. 
Even without that framework, however, hedges serve as a central example of 
metadiscourse that has a marginally logical function. Hedges, as markers of inherent 
uncertainty, indicate a kind of softness in how geologists perceive their reasoning 
processes. 
Another pair of linguistic concepts used to distinguish different types of scientific 
writing is coherence and cohesion. Coherence refers to the ease with which a reader can 
connect ideas in the text and place them within a larger framework, and is dependent 
partially upon the reader’s abilities. Cohesion is a characteristic only of the text itself, 
referring to the presence of certain linguistic features that enhance coherence (Marshall 
and Glock, 1978; Graesser et al., 2004). In a highly cohesive text, each sentence contains 
certain words clarifying how it relates to the sentence before it, the sentence after it, and 
all other sentences. In a non-cohesive text, these cues might be completely absent. For 
instance, textbooks tend to be highly cohesive, whereas journal articles covering the same 
topics are usually much less cohesive. A decrease in cohesion is typical of theoretically 
dense, expert-level texts—indeed, studies have shown that the gaps in information 
characteristic of expert-level texts actually aid the expert in comprehension of the text, 
even as they inhibit the novice’s understanding of that same text (Graesser et al., 2004). 
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3.2.2.3. Structural Elements of Rhetoric 
In studying the composition of scientific journal articles, the most basic measures 
concern the overall length and structure of the papers themselves. How a geologist uses 
the limited space in a journal article is a rhetorical choice, and something as simple as 
article length can signal changes in a science. For instance, Bazerman (1984) associated 
long articles in the early stages of a science with a “looseness of style, a focuslessness of 
argument, and a lack of compact technical vocabulary” (p. 172), asserting that 
progressive increases in length over time are accompanied by greater information density, 
reflecting a progressive increase in theory complexity. This description brings to mind 
geologic monographs: long on description, short on theoretical development, and largely 
absent after the 1950s. 
Within scientific journal articles, the arguments are often presented within the 
IMRD (Introduction-Methods-Results-Discussion) structure (Swales, 1990; Lorés, 2004) 
which has become the standard for most scientific journal articles that present results of 
an investigation. First associated with reports of experimental research, the IMRD 
structure has spread throughout even non-experimental disciplines like geology. 
Although this structure may be seen as a way to feign conformance to a strict inductive 
methodology (Medawar, 1963), it is a relatively flexible format for investigative reports. 
When considered in its most general form, the IMRD structure represents nothing more 
complicated than the establishment of conflict and the resolution thereof, a structure used 
in narratives and expository texts throughout time (see for instance Gopnik, 1972; 
Hutchins, 1977). 
 
3.3. Methods 
For this investigation, I used several quantitative measures of the frequency of 
different types of geologic rhetoric borrowed from studies of scientific literature such as 
those described above. The significance of these measures has not been unequivocally 
established in all cases; however, they sufficed for my purpose of conducting a broad 
survey of tangible changes in geologic rhetoric. To increase the breadth of the study, I 
concentrated on measures that could be taken quickly or automatically. 
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Many geologists have referred to an essential “core” of geology that seems to 
center on traditional field methods and have lamented the decrease in status of this sort of 
study. In order to address the question of whether this core of geology is changing, or 
whether change tends to occur by the development of new, less traditional subdisciplines, 
I decided to focus on the GSA Bulletin, whose stated focus is on classical works of 
geology. I planned the study in two parts: a longitudinal study of how articles in the GSA 
Bulletin have changed over time, and a latitudinal study of the year 2005 comparing 
articles in the GSA Bulletin with articles in other journals covering subdisciplines of 
geology. 
For the longitudinal study, I chose ten articles at random from every fifth year 
between 1945-2005. This selection resulted in 130 articles. To study differences across 
journals, I chose twenty articles at random in the year 2005 from each of the journals 
GSA Bulletin, Geochimica et Cosmochimica Acta (Geochimica), the Journal of 
Geophysical Research B – Solid Earth, American Association of Petroleum Geologists 
Bulletin (AAPG Bulletin), the Journal of Sedimentary Research, and Ground Water. In all 
cases, I accepted only full-length feature articles—no comment/reply articles, reviews, or 
abstracts are included in this corpus (A list of the articles used in this chapter is given in 
the Appendix, Table 11). 
Following Bazerman (1984), I coupled several quantitative measures with critical 
reading of many of the texts. I extracted article lengths from page numbers in the citation 
records for the GeoRef database. I counted the number of references cited and the 
average age of all the references in each article, where the average age of a reference is 
the number of years between publication of the cited article and the article in which it is 
cited. 
I measured the fraction of the total page area occupied by graphics in the GSA 
Bulletin articles (data given in Table 12). For all articles, I counted the number of 
graphics, tables and equations in each article. I classified each graphic into one of seven 
graphic types (maps, cross sections, graphs, columns, photographs, sketches, diagrams) 
and one of five rhetorical roles (index, background, methods, results, and model) (data 
given in Tables A8 and A9). 
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I created text files from the electronically archived articles using optical character 
recognition software when necessary. The copied text included only the body of the 
text—no captions, abstract, or bibliography. Using these text files, I performed two 
linguistic studies involving metadiscourse markers and cohesion. 
To investigate the use of metadiscourse markers, I counted the occurrences of 
each of 463 words in a list that Hyland (1998, 2005) identifies as possible metadiscourse 
markers (Table 5). There is some bias created by the fact that some of these words count 
as metadiscourse only in certain usages; however, in the categories of metadiscourse that 
have shown significant change over time, this effect was minimal. I also created five 
alternative categories of discourse markers that I thought might be relevant to geological 
discussion and reasoning: temporal, proof, causal, formal, judgmental, and non-specific 
relational markers (Table 5). 
To examine cohesion in my sample texts, I isolated the part of the article I thought 
would contain the most argumentation language, taking text segments from the 
Table 5. Metadiscourse categories, functions, and examples. Hyland’s categories from Hyland 
(2005). 
Hyland’s categories Function Examples 
Transition Marker Signal a shift in direction additionally, but, results in 
Frame Markers Create structure within the text first, in conclusion, purpose 
Endophoric Markers Refer to another part of the text above, Figure, chapter 
Evidentials Reveal the source of information according to, cited, quoted 
Code Glosses Signal additional information for example, viz, namely  
Hedges Emphasize uncertainty in a statement 
seems, approximately, in most 
cases 
Boosters Downplay uncertainty in a statement certainly, indeed, definitely 
Engagement Markers Relate to the reader and focus attention notice, let us, the reader 
Attitude Markers Reveal the author’s attitude amazingly, desirable, unexpectedly 
Self Mention Refer to the author I, we, the writer 
 
Additional categories Function Examples 
Temporal Indicate a temporal relationship subsequent, earlier, follows 
Proof Indicate the basis of a statement clue, based on, proves 
Causal Indicate a causal relationship generated, influences, condition 
Judgmental Indicate evaluation correct, mistaken, wrong 
Non-Specific Relation Indicate an unspecified relationship associated, correlate, relate 
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Discussion section of each paper. I excerpted the last 1500-2500 words before the 
“Conclusions” section of every paper, cleaning the text as described by Bruss et al. 
(2004) for more-accurate parsing by the Coh-Metrix online text analysis tool  
(Graesser et al., 2004), and ran the tool on these excerpts. The Coh-Metrix tool returns 46 
measures of cohesion (data given in Appendix, Table 14). Because of the time-intensive 
nature of this step, this measure was taken only from GSA Bulletin articles in 1950, 1960, 
1970, 1980, 1990, and 2000. 
 
3.4. Results 
3.4.1. Use of Page Space 
Article length is perhaps the best illustration of the impact of the economics of 
publishing upon the scientific literature. The trends described here may have only indirect 
connection to the development of geological theory; however, they emphasize the care 
with which authors must choose the elements of their article. 
Prior to 1960, the lengths of articles in the GSA Bulletin varied widely: the 
Bulletin included anything from two-page notes to 200-page monographs (Figure 16). In 
1960, however, there was a sharp decrease in overall article length. A similar shift in 
1974 was caused by a major change in format to a larger page size and a shift from two 
columns to three columns. Also evident in Figure 16 is a three-year editorial gambit from 
1979-1982, in which longer monographs were published in microfilm format. The cluster 
of very short articles (<10 pages) between 1960 and 1980 corresponds with the major 
expansion of the geologic literature in general, and with increased publication rates 
associated with the lunar expeditions and the plate tectonics revolution (Fratesi and 
Vacher, 2008). Disregarding the anomalous years, we see that article length has increased 
gradually after 1975. The inexorable increase in article length is notable, especially 
considering the desire of editors to control printing costs, and is in accordance with the 
findings of Bazerman (1985). Articles in 2005 from other journals are comparable to 
those in GSA Bulletin for the same year. 
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At the same time that article length in the GSA Bulletin has decreased, there has 
been an increase in the minimum page area dedicated to graphics (Figure 17). Data from 
1950 and 1960 include photographic plates and oversized map plates; when these are 
removed from consideration, there remains a steadily increasing trend of in-page  
graphics. Of the 128 figures in plate format in our sample, 94 were photographs, 15 were 
maps, nine were graphs, and one was a cross-section. Eliminating plates permanently 
diminished the status of photographs in these articles, perhaps because the concurrent 
restriction of space rendered photographs too inefficient in conveying information. 
In 2005, the articles in the Journal of Sedimentary Research had 30%-70% of 
their page area taken up by graphics, and those in the Journal of Geophysical Research B 
had 10%-60% of their page area taken up by graphics (Figure 17). Compare this to 
Cleveland’s (1984) study, in which the Journal of Geophysical Research was found to 
have 31% of its page area occupied by graphics, and was the most graphically dense of 
the 57 (non-geology) journals in the study. Geologists are clearly visually savvy, and 
 
Figure 16. Distribution of article lengths of sampled papers overlain on a distribution of all article 
lengths in GSA Bulletin. Width of each grey box represents the number of articles of a particular 
length in a particular year. Each black diamond indicates the length of a single article from our 
sample. Prior to 1960, numerous papers exceeded 80 pages but are not included in this graph. 
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when these graphs are compared to the article lengths in Figure 16, we see that, in the 
pressure to pack more information into less space, text is sacrificed to make way for 
graphic elements. If we consider space in a journal article to be valuable real estate, then 
these results imply that images are more dense with information than the words that they 
displace. In fact, considering that a full page of text held around 700 words in 1950 and 
1200 words in 2000, we can actually use the size of each figure to calculate the number 
of words that it displaces. Most pictures in 1950 are worth fewer than 300 words; a 
picture in 2000 is likely to be worth 100 to 600 words. 
The number of graphics per page in GSA Bulletin articles has increased over time, 
while the number of tables has remained lower during the entire time period (Figure 18A 
& B). Even equations, long considered a very theoretically efficient way of conveying 
scientific relationships in the hard sciences, don’t show the same increase over time that 
graphics do (Figure 18C). As is the case with the fractional area of article space devoted 
to graphics, the most notable shift is the increase in the minimum number of graphics per  
 
Figure 17. Percent area occupied by graphics in articles from 1950-2000 in GSA Bulletin and from 
the year 2005 in geological subdiscipline journals. Gray diamonds indicate alternative data for 1950 
and 1960, including plate areas. GSAB = GSA Bulletin; AAPGB = AAPG Bulletin; JSR = Journal of 
Sedimentary Research; GW = Ground Water; JGRB = Journal of Geophysical Research B – Solid 
Earth; GCA = Geochimica et Cosmochimica Acta 
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Figure 18. Number of equations, tables, and graphics per page in articles from 1950-2000 in 
GSA Bulletin and from the year 2005 in geological subdiscipline journals. A. Number of 
graphics per page. B. Number of tables per page. C. Number of Equations per page. See Figure 
17 for journal abbreviations. 
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page. To publish a geology paper without graphics is becoming more and more unlikely. 
This is not true for tables or equations. 
The Journal of Sedimentary Research, AAPG Bulletin, and GSA Bulletin have 
very few equations compared to articles in the other three journals: Ground Water, 
Journal of Geophysical Research, and Geochimica (Figure 18C). In Geochimica, the  
difference between the number of graphics and the number of tables is not as pronounced 
as in other journals, suggesting that this journal is especially rich with non-spatial data 
(Figure 18A and B). In Ground Water, the few papers with the most equations present 
analytical solutions to idealized groundwater problems. 
 
3.4.2. IMRD and other Structures 
GSA Bulletin articles followed an IMRD structure in the most general sense. 
However, few articles actually used the IMRD structure without some sort of 
modification. The most common modification was the construction of a multi-layered 
results section designed to present evidence of several different types within the same 
paper. Other modifications involved adjusting the IMRD structure to fit studies that had 
no traditional laboratory methods involved. One author, with great presence of mind, and 
considering the logistics of replicating field work, created a methods section entitled 
“Accessibility and Outcrops” (Pierce, 1980). 
Almost all of the articles did have some discussion at the beginning orienting the 
reader within whatever field site might be appropriate. Moreover, many had specific, 
densely illustrated sections entitled “Geologic Setting,” “Physiography,” “Stratigraphic 
Units” or something similar, which featured as a very prominent part of the paper. 
Illustrations included an index map, often including general geology, and sometimes a 
stratigraphic section. Those that did not include this section were either global-scale 
studies, or were early reports of data obtained by very new methods, in which the 
knowledge claim was not narrative or space-based. 
The alternative structures of most of these papers makes it difficult to discern the 
results from discussion. In these sections, the hermeneutic nature of geologic reasoning is 
apparent; what counts as a result depends greatly upon the rest of the discussion. 
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Especially in early papers, there was a considerable amount of discussion in the results 
section. This mostly revolved around particular pieces of evidence. Predominant in the 
results section is the “if-then” phrase, used to evaluate and negotiate the place of each 
piece of evidence within the narrative. Within the discussion section, the validity of the 
entire narrative is discussed in a larger theoretical framework. 
 
3.4.3. Citations 
Citing practices by authors publishing in GSA Bulletin have changed only slightly 
over time (Figure 19). The number of publications cited by each article has increased 
gradually from 1945 to 2005, from an average of 31 papers to an average of 69 papers 
(Figure 19A). The average age of all the citations in an article has grown more consistent 
 
Figure 19: Number of citations and average age of citations in articles from 1950-2000 in GSA 
Bulletin and from the year 2005 in geological subdiscipline journals. A. Number of citations. B. 
Average age of citations. See Figure 15 for journal abbreviations. 
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over time (Figure 19B). This value has generally decreased since 1945, from an average 
of 19 years in 1945 to an average of 15 years in 2005. The lowest averages occurred in 
the period from 1965 to 1985—the average in 1980 is 10 years.  
In 2005, the five other journals in the study have only slightly differing citation 
counts, with GSA Bulletin and the Journal of Geophysical Research having the largest 
variation and Ground Water having the lowest numbers of citations overall (average 12 
years). The individual papers in 1945, 1960, and 1995 having the highest citation counts 
are all paleontology papers, which are bound by subdiscipline standards to cite the 
original paper in which a species was first described. The low citation ages in the 1970s 
correspond with the high publication rates in the 1970s, as well as a flood of short articles 
(<10 pages) in the GSA Bulletin, and indicates that geology was highly productive and 
current at the time. 
 
3.4.4. Graphics 
3.4.4.1. Data Sources, Graphics Types and Graphics Functions 
Figure 20A shows the data types presented in the articles in the corpus. Field 
observations (average 5 papers per year), field measurements (average 2 papers per year), 
and lab measurements (5 papers per year) are the most common. Articles presenting lab 
observations (average 1 paper per year) or no new data (average 1 paper per year) are 
distributed intermittently over time. Numerical or analytical models are common only 
after 1980 in GSA Bulletin. The number of articles presenting field observations has 
decreased slightly over the study period, with the lowest values in the 1970s and 1980s 
(average 3 papers per year in these two decades, average 6 papers per year in the rest of 
the study period). The number of articles presenting field data of any sort have declined 
slightly as well, probably not significantly. AAPG Bulletin and the Journal of 
Sedimentary Research are similar to GSA Bulletin in 2005 in the relative proportions of 
data types used. The other journals, however, have notably different profiles than GSA 
Bulletin. Geochimica presents mostly lab measurements (18 papers out of 20) and no 
field observations, and Ground Water includes the most data created using numerical or 
analytical models (14 papers out of 20).
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Figure 20: Data Sources, graphic types, and rhetorical role of graphics in articles from 1950-2000 
in GSA Bulletin and from the year 2005 in geological subdiscipline journals.  See Figure 15 for 
journal abbreviations. 
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 Figure 20B shows the types of graphics in the GSA Bulletin and the five other 
journals. Figure 20C shows their rhetorical roles. The photographs and sketches common 
at mid-century have largely given way to graphs and maps in the GSA Bulletin. AAPG 
Bulletin and the Journal of Sedimentary Research have profiles similar to GSA Bulletin. 
Ground Water and the Journal of Geophysical Research have profiles that are similar to 
one another, with diagrams showing methods and plenty of maps and graphs showing 
results. Both journals have few photos, and considerably more graphs than maps. The fact 
that Geochimica has mostly graphs and photographs used for presenting results reflects 
the journal’s focus on experimental science and its lack of a field element. Maps are 
almost nonexistent in the sample for this journal. The GSA Bulletin’s increase in the use 
of diagrams in background, index, and model roles support the idea of an increase in 
theoretical complexity over time. Setting up the problem to be solved and explaining the 
implications of the results takes more space in an article than in years past. Part of this 
may be due to an increased theoretical base: more complex background takes longer to 
lay out for the reader. However, it is also possible that geologists have simply become 
more efficient in choosing and presenting relevant observational results. 
Rowley-Jolivet described six types of graphics presented in the same order in 
virtually all geology presentations. Not all of the graphics types are present in each paper; 
however, when present, they do tend to conform to the order that she described in oral 
presentations. Deviations from this order can be attributed to the fact that journal articles 
need not be read linearly (in fact, this is seldom the case) (Dillon, 1991). 
At least one map fulfilling the index role precedes all description of results in 
most articles. Photographs generally fall at the beginning of results sections; graphs 
gravitate towards the end. Diagrams either come at the beginning and present background 
material, or come at the end and present a conceptual model. The many different types 
and roles of geological graphics suggest that the graphical rhetoric may be nuanced and 
complex; however, because each article seems to have its own argumentative structure, 
more detailed analyses may only be effective as part of a complete case study. 
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3.4.4.2. Observations of Theoretical Loading In Graphics 
The theoretical loading that makes graphics more efficient than text is illustrated 
in Figure 21. Stratigraphic columns are a mainstay of traditional geologic studies: almost 
every geometric treatment of a geologic problem includes a column. Over time, the 
portrayal of these descriptions and relationships has changed in a remarkable way. We 
can demonstrate this using only a few of the papers in our corpus. In 1945, a common 
stratigraphic description was simply a list of rock descriptions with a large sensory-
descriptive content (Figure 21a). The example from 1960 shows that a graphical element 
has been added to the textual descriptions, in which the sensory content has moved to the 
end of the description and is prefixed with compositional and textual classifiers with 
more or less standardized definitions (Figure 21b). A non-geologist would have a harder 
time reading this second column than the first. And a layperson would have little hope 
whatsoever of deciphering the bottom two columns, published in 1985 and 1990 (Figure 
21C and D). Neither column includes a legend anywhere in the paper. The symbols used 
in these are completely standardized, so that these graphs are loaded with large amounts 
of information that only a geologist would be able to interpret. These symbols and their 
attached meanings constitute the “visual language” of Rudwick (1976) that was so 
essential to the development of geology, and the process of theoretical loading is 
consistent with how Rudwick describes the first steps geologists took in loading graphics 
with interpretation. 
 
3.4.5. Linguistics 
3.4.5.1. Metadiscourse 
The frequency of metadiscourse varies widely among articles. Five types of 
discourse are of interest to us here. Four categories changed significantly in frequency 
over time, significance (p < 0.01) being determined from Pearson’s correlation 
coefficient (r): 
1. Boosters (certainly, always, definitely) are used to de-emphasize uncertainty in 
a statement and increase the force of that statement:  
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Figure 21: Examples of stratigraphic sections showing increased dependence on standardized 
symbols. A: Column consisting only of text description (Roth, 1945); B: Column of text description 
keyed to a graphic element (Kupfer, 1960); C: Column consisting of mostly encoded symbols with 
little text (de Graciansky et al., 1985); D: Column consisting only of encoded symbols and no textual 
description (Froitzheim and Eberli, 1990). 
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These various desilications have certainly been produced by a hot fluid. 
(Compton, 1960, p. 1413) 
Mylonitic foliations in the hanging-wall gneiss are truncated by the main fault 
surface in a geometrically irregular way and are clearly older. (Froitzman and 
Eberli, 1990, p. 1301)  
The compensation depth is always deeper than the lysocline, but may be very 
close to it in areas of low fertility. (Berger, 1970, p. 1394)  
Boosters show a significant negative correlation with time (r = −0.52, average = 5.9 
boosters per 1000 words over the entire time period). Hyland (1998, 2005) and Battalio 
(1998) connected boosters to the soft sciences, or a science in its early stages. These 
results reflect the expected decrease in boosters over time. 
2. Evidentials (according to, cited) include citations and other indications that the 
source of a statement is another document: 
According to Sanderson and Spratt (1992), the southwest-verging back thrust 
defines the roof of a relict northeastward-tapering tectonic wedge, or triangle 
zone structure, that developed above a detachment near the base of the Jurassic 
Fernie Group. (Castonguay and Price, 1995, p. 1311) 
Evidentials have increased in usage over time (r = 0.50, average = 10.4 per 1000 words), 
likely reflecting the increase in frequency of citations and the expansion of the geologic 
literature. 
3. Formal scientific markers (hypothesis, interpret, conclusion) explicitly 
reference scientific reasoning or methodology.  
These are interpreted as small segregations of late magmatic fluids trapped in a 
framework of earlier minerals. (Baragar, 1960, p. 1604) 
An opposite reversal is postulated in the area west of the easterly dips. 
(Kalliokoski, 1965, p. 1043) 
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A numerical model of transient fluid flow, heat, and solute transport examines 
the conditions required for the hypothesis that suggests Lake Lisan water 
percolation. (Hurwitz et al., 2000, p. 1695) 
These markers increase in frequency over time (r = 0.45, average = 1.8 per 1000 words). 
Geologists are couching more of their discourse in formal or experimental terms.  
 
4. Judgments (correct, mistaken, errors) reflect the author’s evaluation of data or 
theories.  
Although there is a vague suggestion of an age of around 1100 m.y. from these 
data, it is evident that the results indicate a more complex history and that the 
only conclusion which may be reached with confidence is that the Precambrian 
age assignment is correct. (Wasserburg and Lanphere, 1965, p. 750) 
Thus it would be wrong to conclude that coronas are restricted to rocks of a 
narrow range of composition, and equally wrong to suppose that every rock that 
falls within this range is necessarily a coronite. (Shand, 1945, p. 254) 
If true, the preservation factor is smaller than 17 percent. (Berger, 1970, p. 1391) 
Judgments decrease in frequency over time (r = −0.28, average = 0.3 per 1000 words). 
Although one might expect more evaluative discourse with the increase in theory 
complexity, it is also true that we might expect an increase in consensus. As theories 
develop and a science matures, dispute over its underlying theories becomes rarer. 
5. Hedges (usually, seems, approximately) emphasize the uncertainty in a 
statement.  
In the pit, the sandstone rim rock had an essentially vertical contact with the 
clay, apparently a stratification plane, possibly a fault. (Bretz, 1950, p. 797) 
Clastics from the high or bioclastics of shallow water origin tend to thin out 
basinward. (Summerson and Swann, 1970, p. 486) 
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They are generally light-gray, buff-weathering, dense, aphanitic rocks. (Baragar, 
1960, p. 1596) 
The observed decrease in hedges over time was not significant (r = −0.27, p < 0.01), and 
hedges were more common (average = 17.4 per 1000 words) than all other type of 
metadiscourse except for transitional markers. 
The first example illustrates well the different types of uncertainty that hedges 
convey. “Essentially” in this case indicates that the contact plane is probably not exactly 
vertical and that this has no bearing on the point being made. “Apparently” conveys an 
uncertainty based on limited observation potential—from what the author has seen, he 
interprets the contact to be a stratification plane. Further investigation might prove it 
otherwise. “Possibly” acknowledges the existence of other interpretations in an offhand 
way. The second two examples exhibit the use of a hedge as a generalizing statement; the 
type of statement that Kitts claims is often mistaken for a statistical statement (Kitts, 
1977).  
Hedges are perhaps the best example of geological meaning embedded within 
language that is practically incompatible with the mathematical language of hard science. 
I present these nuanced uses of linguistics, not in order to build up an ironclad argument 
for or against change in geology, but in order to make the important point that the 
complexity of geological discussion almost cannot be encapsulated in exact form.  
 
3.4.5.2. Readability 
Of the 54 different indices that Coh-Metrix measures, only 16 have significant 
trends over time, again with significance (p < 0.01) determined from Pearson’s 
correlation coefficient (r). Complete descriptions of the indices and their importance are 
given by Graesser et al. (2004). The results of this exercise point to several distinct 
changes within the discussion sections of geological texts. 
 
1. Sentences within the text are more related to each other than before. The Stem 
Overlap, the proportion of sentence pairs in a paragraph that share word stems, has 
increased (r = 0.37, average = 60% of sentence pairs). The Latent Semantic Analysis 
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index, a multidimensional similarity measure represented as the cosine of an angle (r = 
0.34, average = 0.1) has increased over time, suggesting that an earlier text is more likely 
to have jumped from topic to topic, whereas a later text is more likely to have a lengthy 
discussion of a single topic. Of the two examples given below, the first pair of sentences 
does not have stem overlap; the second pair does: 
Deposition was followed by slight uplift and erosion, which may represent the 
Vermont disturbance, the initial uplift of the Taconic Revolution. Slight warping 
at about this time may have formed a shallow trough-like basin, later to become 
the Peach Bottom syncline. (Agron, 1950, p. 1304) 
Possible high-pressure fractionation of these melts may have occurred during 
their slow ascent to the main storage regions at depths of 5 to10 km. Magmas 
periodically ascended from the main storage region into shallow crustal 
reservoirs, minor fractionation occurring during their ascent as well as during 
storage at these upper-crustal levels. (Fernandez, 1980, p.680) 
In both of these cases, the sentences are related in some way. The overlapping word 
stems make it easier for the reader to discern exactly what the relationship is between the 
two sentences. 
2. Vocabulary is becoming more esoteric and slightly more polysyllabic. Word 
frequency, a measure of how frequently the words in the text appear in a million-word 
database containing everyday language, has decreased over the study period (r = −0.35, 
average = 2386.8 per million words), and the number of average syllables per word has 
increased (r = 0.49, average = 1.6 syllables in a word).  
3. Nouns are becoming more abstract (r = −0.41, average = 4.4 levels of 
abstraction) while verbs are becoming more concrete (r = 0.33, p = 0.01, average = 1.3 
levels of abstraction). The level of abstraction of a word is indicated by the hypernym 
value, the number of levels above the word in a conceptual taxonomic hierarchy. Smaller 
numbers indicate more abstract words. For instance, “volcano” has seven hypernym 
levels, whereas “data” has five:  
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volcano → mountain → natural elevation → geological formation → physical 
object → physical entity → entity; 
data → collection → group → abstraction → entity. 
(It would be interesting to explore this question further using a taxonomic hierarchy 
developed by geologists, but this study used the one embedded into the Coh-Metrix 
program, from the WordNet lexicon [http://wordnet.princeton.edu/], a prominent source 
of data for linguistic studies such as this one.) 
4. The number of negations has decreased (r = −0.40, average = 5.1 negations per 
thousand words). A specific role for negations in scientific literature is not obvious. 
5. Sentences are becoming less complex and more dependent upon noun phrases 
to contain the information.  
Pervasive diagenesis induced the A component, a total chemical remanent 
remagnetization. (Enkin et al., 2000, p. 929)  
The whole-rock Rb-Sr age results derived from the study indicate that the 
Lamarck and Mount Givens Granodiorites and the alaskite of Evolution Basin 
and porphyritic biotite granite of Dinkey Lakes form a younger group of 
intrusive rocks of 90 ± 10 m.y. (Hurley et al., 1965, p.165) 
Standard discrimination diagrams identify the island-arc tholeiite magma type; 
their utility was sternly tested by these thoroughly recrystallized (greenschist 
facies) rocks, whose island-arc origin had already been suggested by their 
petrography. (Brooks and Coles, 1980, p. 665) 
In this particular instance, I used examples from the abstracts within their respective 
articles, rather than the actual discussion text upon which the measures were made. I do 
this to emphasize the effectiveness of noun phrases in compressing complex subject 
matter. An abstract is no doubt the most information-dense text within a journal article, 
and I noticed in the course of this exercise that the abstract is usually loaded with noun 
phrases. Within the discussion section of a geology article, the number of modifiers per 
noun phrase has gone up (r = 0.40, average = 1.2 modifiers per noun phrase). In 
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conjunction with this, the number of higher-level constituents per word has gone down (r 
= −0.46, average = 0.7). “Constituents” are simply parts of a sentence, and higher-level 
constituents are those created by tacking on extra parts to the normal subject-verb 
construction. Most often, structurally dense sentences contain extra verb phrases: 
Hawaiian tholeiites are similar to Hebridean tholeiites but have a more limited 
range of differentiation. They differ from the Ahr Lake series in the same way as 
the Hebridean tholeiites, except that silica is higher in Hawaiian rocks in both 
early and middle stages, and titanium is higher throughout the Hawaiian series. 
(Baragar, 1960, p. 1639) 
Sentences are less structurally complex now than they were at the beginning of the study. 
Bruss et al. (2004) found these same two trends in sentence complexity in their survey of 
200 years of scientific articles. They explain that writers today pack more meaning into 
complex subjects (noun phrases) rather than creating sentences with multiple phrases. 
6. The Flesch Reading Ease Score is an index from 0 to 200; the score has 
decreased, indicating an increase in reading difficulty over time (r = −0.52, average = 
46.1). The Flesch-Kincaid Grade Level (ranging from grade 0 to grade 12) is calculated 
from this score and has increased over time (r = 0.40, average = 11.3). 
These measures apply to text sampled from the “Discussion” part of the paper—
these samples do not contain introductory material, descriptions of results, or descriptions 
of methods. I expected the discussion section to be the most consistent part of geological 
discourse over time; to a certain extent, this is the case. 
 
3.4.5.3. Observations of Theoretical Loading in Text 
Over the study period, we see a shift from long, often aesthetically rich passages 
of description to information-dense statements. In early years, the geologic setting section 
often included some experiential discourse, phrases of direct engagement with the 
landscape:  
The Aconcagua Valley and the province are bounded on the south by a rugged 
mountain range that includes the Cuesta de Chacabuco (1320 m above sea 
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level). From this narrow pass, one can look into Chile’s vast Central Valley to 
the south and the Aconcagua transverse valley to the north. (Carter and Aguirre, 
1965, p. 652) 
In normal weather it is dangerous to stand at the outer edge of the ridge even at 
low tide, as large breakers crash at intervals with tremendous force. (Stearns, 
1945a, p. 786) 
This unconformity is at once apparent in the lithological contrast between the 
almost unaltered Knoxville beds and the changeful, metamorphosed, and almost 
kaleidoscopic succession of the Klamath complex when traced along the strike 
of the contact zone. (Anderson, 1945, p. 916) 
Over time, description that doesn’t serve a logical or persuasive purpose is 
eliminated, and descriptives are packed into ever-smaller pieces of text. Descriptors are 
often strung together into a single noun phrase, such as “8-km-diameter, normally zoned, 
three-phase, calc-alkaline pluton” (Molyneaux and Hutton, 2000, p. 1543), allowing the 
information to be even further condensed. Consider these excerpts, written 50 years apart, 
both of which invoke a description of intensely deformed rocks: 
In extreme cases in which the shales have been most disturbed, distorted, 
crushed, fissured, and physically altered, thin veins or bunches of quartz are 
sometimes found. (Anderson, 1945, p. 922) 
Pseudotachylyte and cataclasite in the Red Devil Lake pluton, however, argue 
for intense, localized post–90 Ma(?) deformation in the northern part of the 
shear zone that lies within the Red Devil Lake pluton . . . (Tobisch et al., 1995, 
p. 154) 
The theoretical content of the second sentence is much higher, due in large part to 
the fact that a meaning similar to that of the entire first sentence is packed into the terms 
“pseudotachylite” and “cataclasite.” Even the uncertainty associated with the date of 
deformation is represented in the most compact, shorthand way, as a single interjected 
question mark “(?)”. 
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3.5. Discussion 
A mix of factors can be summoned to explain the results of this exercise. Changes 
in geology journal articles over the past 50 years reflect a tension between the editorial 
pressure to shorten articles, the weight of an expanding theoretical base, the size and 
complexity of geologic data sets, and the persuasive and archival roles of journal articles 
within the science.  
In interpreting these changes, caution is warranted. Several limitations are evident 
in the linguistics exercises. The most obvious is that the use of particular words is not 
always consistent with their meaning. For instance, Victor Baker (personal 
communication) points out the widespread misuse of the word “deduction,” which is 
meant to refer to a type of reasoning in which the conclusion follows necessarily from the 
stated premises, to the process of making inferences by moving from general statements 
to specific statements. The word “deduction” is only used twice in the entire corpus, but 
the word “deduce” is used frequently. Examination of the use of this word in the corpus 
for this study reveals that, not only is the word not used in accordance with its formal 
definition, but it is used almost exclusively to refer to statements actually arrived at using 
induction: 
The theory of Love waves has been known for some time, and several 
investigators . . . have deduced oceanic crustal structure from Love-wave 
dispersion. (Handin and Fairbairn, 1955, p. 914) 
These pegmatites are not in contact with the rapakivi granite, and hence it is 
impossible to deduce the relative ages from field relationships. (Wasserburg and 
Lanphere, 1965, p. 744) 
The nature of the eruption can be deduced from conspicuous resedimented 
volcaniclastic material including cobble-sized pumice and by the 100-fold 
thickness contrast between thin primary fallout deposits and thick reworked 
volcaniclastic deposits. (Katoaka, 2005, p. 15) 
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The other major limitation of the linguistic techniques used here is that geology 
has a very large specialized vocabulary. Specialized geologic terms are generally not 
represented in English-language lexicons upon which linguistic tools such as Coh-Metrix 
are built. When they are present, geological terms are treated according to their colloquial 
meanings, not their meanings within the theoretical structure of geology. Thus the word 
“volcano” is defined in these lexicons as simply a type of mountain, a definition that is 
inadequate for the specialized literature of geology (C. Connor, personal 
communication). 
There are some general conclusions that we can draw from the graphics and 
linguistics data presented here, however. These conclusions have to do with the density 
of information within the geological articles and the differences between geological 
subdisciplines. 
 
3.5.1. Theoretical Loading 
Acting against the constant editorial pressure to keep articles short is an increase 
in the size and complexity of the theoretical base. Articles from more recent years are, as 
Bazerman observed among his physics articles, “more focused and compact, but relying 
on increasing amounts of background and contextual knowledge so that length and 
density rise together (Bazerman, 1984, p. 172).  
The increased theoretical density shows itself in several ways: 
1. The larger numbers of references, the more frequent citations, and the more 
frequent linguistic evidentials all point to an expanded, complex literature.  
2. The greater connectivity between sentences in discussion sections from articles 
in later years suggests that these sections more likely contain a long discussion of a 
single, complex topic rather than a catalogue of unrelated topical points.  
3. An increasing percentage of graphics used to present the setting and 
background in recent years indicates that the theoretical base is becoming more complex. 
Interestingly, despite the move toward more theoretical density, the index map, 
representing the lowest knowledge claim in the article (Rowley-Jolivet, 2004), remains 
an essential part of a geologic article even in the face of diminishing journal space. The 
  88 
geological setting evidently has an important role to play in the argument structure of the 
paper. Not only does it ground the argument in space, time, and the body of previous 
knowledge, but it also places implicit constraints on the argument, limiting the extent of 
the claims made to the locality of the study and to systems that are similar to it in certain 
ways.  
In response to the increased pressure towards information density in geological 
journal articles, geologists have responded by increasing the number of graphics and by 
moving from low-efficiency graphics with little embedded theory (sketches and 
photographs) to high-efficiency graphics requiring a broader theoretical base for 
interpretation (maps, cross-sections, graphs). Over the study period, graphics utilizing a 
standardized set of symbols replace the lengthy passages of description characteristic of 
early monographs, presenting complex sets of results much more efficiently.  
Within the text itself, specialized geological vocabulary is loaded with meaning 
that allows sentences, or even paragraphs, of information to be conveyed in a single 
word. Strings of geologic descriptors (noun phrases) can represent complex ideas and 
theories in very compact signs that are quickly deciphered by experts. Citations are signs 
capable of efficiently encompassing ideas contained within entire bodies of research.  
In other words, the long passages of description from early monographs have not 
entirely disappeared—they have been distilled into more efficient, more focused, and 
more codified forms. As Graesser et al. (2004) pointed out, the same changes that make it 
more difficult for a non-geologist to decipher the meanings in these articles make it more 
efficient for an expert geologist to do so. Our linguistic results stand in accordance with 
this notion: most measures of linguistic complexity indicate an increase in reading 
difficulty over time, and the graphics become more deeply encoded as well. 
These results speak to a fundamental difference in how different sciences 
compress and consolidate knowledge: the hard sciences move towards quantification, 
using equations as highly dense vehicles for information; classical geology, however, 
uses a complex web of increasingly esoteric linguistic and graphical signs.  
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3.5.2. Hard Geology, Soft Geology 
Journals from different geological subdisciplines show distinct patterns in the 
usage of graphics, equations, and tables. These patterns reveal differences between the 
subdisciplines that we could interpret in terms of hardness and softness, or in terms of 
complexity. At one extreme is Geochimica, which relies almost solely on laboratory 
measurements and uses graphs and photographs almost exclusively. This appears to be an 
experiment-based, quantitative subdiscipline with a negligible spatial component. At the 
other extreme are the GSA Bulletin, AAPG Bulletin, and the Journal of Sedimentary 
Research, which depend roughly equally upon field data and laboratory data and have 
varying mixtures of graphs, maps, cross-sections, photographs, and columns. These 
graphics types evidently support the complex and spatial arguments used in these 
subdisciplines. The Journal of Geophysical Research and Ground Water are rather 
similar to Geochimica in their constitutions, their quantitative nature revealed by their 
dependence upon numerical modeling as a source of information and their use of graphs 
to present their results. 
According to these results, three geologic subdisciplines—hydrogeology, 
geophysics, and geochemistry—might be considered harder than classical geology as 
represented in the GSA Bulletin. Each one of these has a strong physics or chemistry 
component. This supports the findings of Fratesi and Vacher (2008), suggesting that the 
encroachment of physics and chemistry into geology occurs with the creation of new 
subdisciplines with their own methods and philosophy, rather than by major changes in 
existing journals.  
There have been changes to classical works of geology itself, however. Within the 
GSA Bulletin, the aesthetic sensibilities present in the earliest years of the study are 
absent in later years, or at least well disguised. Accounts of direct engagement with the 
rocks are rare. Photographs and sensory descriptions have decreased in frequency, 
replaced with more abstract graphics and text. Metadiscourse such as boosters and 
attitude markers that have been associated with less-mature stages of a science (Hyland, 
2005; Battalio, 1998) have decreased over time. Experimentation jargon is more 
common. In light of these changes, it may be notable that hedges do not show a 
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significant change over the study period, indicating that, increased hardness 
notwithstanding, uncertainty is just as much a part of classical geological discourse today 
as it was at mid-century. 
These data suggest that the end product of all of this change will probably never 
exclude an important field component. Articles in the GSA Bulletin have continued to be 
based on a combination of lab and field work, indicating the continuing importance of 
field work to classical works in geology. A more-striking difference exists between the 
subdisciplines. Ground Water, the Journal of Geophysical Research B, and Geochimica 
do have substantially fewer articles incorporating field observations than the GSA 
Bulletin, and the articles in the sample from Geochimica present no field work at all. It 
appears that these alternative ways of gathering data (such as numerical modeling) 
accompany, rather than replace, field work in geology overall. 
An important characteristic of geological journal articles is that each article 
usually includes more than one type of investigation. The IMRD structure of these 
articles is interrupted by the fact that each paper presents information on stratigraphy, 
structure, and petrology, or on a field study and a laboratory study, or on several different 
localities in the field area. This generally dictates the structure of the “Results” section, 
and all of the information is pulled together into a coherent discussion at the end of the 
paper.  
The increase in sentence connectivity in GSA Bulletin articles in later years might 
be due partially to modern scientists’ tendency to “shingle” articles, getting more 
publications for a single study. Within a large study that incorporates several different 
lines of evidence, a geologist today might be more likely to publish each line of evidence 
in a different paper, relating it back to the whole in the discussion section. Part of this 
trend would be that, earlier in the history of study of these particular field sites, there was 
no pre-existing story to “shingle” onto. The entire story would have been built from three 
or four concurrently executed studies, all presented in a single paper. This fact explains 
the existence of the geologic monograph and its subsequent disappearance. 
This seemingly trivial fact about geologic studies goes to the heart of geological 
inquiry. It speaks to the importance of alternative supporting lines of evidence to 
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geological proof. It explains the complexity of geological discourse in a science whose 
reasoning is fairly common-sense. 
 
3.6. Conclusions 
In examining the literature for evidence that the field of geology might have 
increased in positivity over the last half of the twentieth century, we find that it has 
indeed grown and changed, mostly by spawning new subdisciplines from an increasing 
and expanding theoretical base. Major changes in the rhetorical elements of geological 
journal articles seem to have occurred in response to this increase in theoretical 
complexity. A specialized geological vocabulary, particular linguistic constructions, and 
increasingly abstract graphics with standardized symbols all represent relatively high-
efficiency methods for conveying information. The type and rhetorical roles of graphics 
vary systematically between the subdisciplines, roughly corresponding to the spatial 
nature and the hardness of the subdiscipline. The harder subdisciplines include 
hydrogeology, geophysics, and geochemistry. Petroleum geology and sedimentology are 
more similar to classical geology as exemplified by articles in the GSA Bulletin. 
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Chapter 4 
 
4. Discussion and Conclusions 
4.1. Introduction 
The studies presented in Chapters 2 and 3 have made visible the virtual landscape 
and internal structure of the discipline of geology. Viewing the body of geologic 
literature as an ever-evolving landscape allows us to visualize the activity of scores of 
operating scientists at once, and shifts this investigation into the same cognitive domain 
that geologists occupy in deciphering the earth’s history. The result is an interpretive, 
historical activity not unlike geology itself, and using spatial analogies for the 
relationships between topics, journals, and subdisciplines causes this study to be visually 
oriented, just as geology is. In this dissertation, there is even a map, a cross-section, and 
descriptions of microfabric. 
My goal is to construct a narrative account of the field of geology over the last 
half of the twentieth century. In making geologists and their publications the subject of 
my study, I have set out upon a line of inquiry contiguous with geology proper, that is, 
with traditional geologic field studies that take the earth itself as the subject of 
investigation. The analytic tradition of philosophy distinguished between fact and theory 
and between object and observer in order to ensure that science remained objective. It 
also distinguished between doing science and studying science (metascience). 
However, if Frodeman (1995) and Baker (1999) are correct in saying that geology 
is better explained using Continental philosophy, then the distinction between science and 
metascience disappears. From the perspective of Continental philosophy, epistemological 
concerns are continuous with practical concerns (Frodeman’s wording). In other words, 
we cannot divorce the theoretical factors from circumstantial factors such as social 
pressures, available resources, and the researchers’ knowledge base. They all contribute 
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to the quality of the science; therefore, studies concerning these practicalities of scientific 
practice contribute to the science itself. How well we teach future geologists directly 
impacts the science they will produce; the expectations set for tenure and promotion 
determine what problems researchers will choose to address; and the norms of scientific 
publishing place constrictions on the types of arguments researchers wield in defense of 
their theories. 
Baker (1999) described a similar idea in more formal terms. He outlines a theory 
of the interpretation of signs in geology based on the pragmatic philosophy of C.S. 
Peirce. He emphasizes in his discussion of semiotics in geology that the web of signs is 
continuous from the earth, to the geologist, to the literature: 
Consider the bone of a dinosaur as a sign. The bone has indexical (causal) 
relationships with its object, the living dinosaur in which it grew. In this case, 
fossilization produces a kind of virtual interpretant for the bone. The resulting 
fossil in its geological formation is itself a sign that is waiting to be realized. The 
sign can be sensibly triggered in a trained paleontologist, who recognizes the 
fossil-sign and interprets its object, the history of its causation. What was a sign 
in causal connections of dinosaurs and rocks becomes a sign in triggered 
thoughts, which will become more signs, including scientific papers that trigger 
more paleontological inquiry in the community of dedicated paleontologists 
seeking the truth of dinosaurs (p. 641).  
From the pragmatic point of view, a scientific paper is not at all removed from the act of 
doing science. Indeed, geologists use the literature alongside evidence from the earth 
itself to support their arguments. Studies that gain us a clearer understanding of this body 
of geologic evidence therefore belong within the discipline of geology.  
In true geological fashion, this chapter is an attempt to place the investigative 
results of this study into a larger narrative concerning the nature of changes in geology. 
The narrative concerns the growth and twigging of geology as a discipline, the changing 
role of field work in geological activity, and the significance of field work to geologists. 
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4.2. The Growth and Heterogeneity of Geology 
This study has addressed the presence of the multiplicity of approaches to 
geologic study, asking, in essence: How many geologists are doing what kind of activity 
in what decade and in which subdisciplines? This contrasts with the “lone geologist” 
model and is in accordance with the fairly new tradition of large-scale studies of change 
in science. The use of scientific literature in such large-scal studies results in an activity 
that looks suspiciously like bean-counting but has the advantage of acknowledging that 
geology, like the science it studies, is often as complex as its subject matter.  
Studies such as this one depend on the trivialities of rhetoric in science; this is 
perhaps their greatest limitation. The subtle changes in frequency of a single, particular 
word type by themselves do not constitute concrete evidence of anything. However, 
scientific rhetoric is very carefully constructed to reflect the theoretical, persuasive, and 
social context of the study. The benefit of using the regimented and highly policed format 
of the scientific journal article as an indicator of scientific activity is that systematic shifts 
in usage of major linguistic and visual systems are likely to signify substantial change, 
either in the scientific activity itself, or in the values and tradition that inform it. 
The biggest differences in rhetoric and practice seem to exist between geologic 
subdisciplines, suggesting that geology is becoming ever more multifaceted. The rock-
hammer variant of field geology is often held up as exemplary of geological practice in 
general. Such a generalization is useful for epitomizing the parts of the geological 
experience that stand in contrast to the laboratory-based, experimental paradigm, but it 
implies a homogeneity to geology that, as we see in this dissertation, probably does not 
exist. In fact, it never has; modern geology evolved from several different traditions in 
earth science (Laudan, 1987; Porter, 1978). Heterogeneity in geology is not new, but 
there are definitely more different kinds of geologists today than there ever were before. 
As Hubbert predicted, no geologist today can truly claim a comprehensive knowledge of 
the entire discipline, and there exists no single manner of geologic activity. This state of 
affairs implies that discipline-scale study of geology will add a valuable perspective to 
the smaller-scale descriptions of traditional geologic philosophy.  
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In fact, by characterizing the size and complexity of the geological corpus, the 
results of study have partially justified the methods used herein. If we accept that a large-
scale study can add insight to that gained from studies at smaller scales, the large scale of 
such a study requires that we accept the published literature as a record of geologic 
activity. No other pre-existing record of scientific activity exists on such a large scale. 
The sheer size of the problem also dictates that we find proxy indicators for specific types 
of reasoning, as the detailed case studies of influential papers that are commonly used in 
investigations of scientific history and philosophy are impractical in large-scale studies. 
This dissertation has been, among other things, a survey of several possible proxies, the 
extent to which they vary systematically, and the broad exploration of the reasons for 
these changes. Some have worked better than others. The use of graphics in geologic 
articles, for instance, appears to be more sensitive to differences in geological practice 
than the use of linguistics in those same articles. In contrast, the field of linguistics offers 
more structured theory to support further, more sophisticated research into geologic 
rhetoric than the field of visual communication does. In fact, there is no integrated theory 
of visual rhetoric at all. 
The twigging and growth of geology, by ever increasing the number of geologists 
and the subdisciplines they work in, causes a relative decline in influence of the more 
longer-lived subdisciplines such as paleontology and sedimentology. Many geologists 
feel the crunch, holding a view of their science as diminishing by encroachment from the 
outside and by fragmentation from the inside. The real picture seems to be nowhere near 
that alarming. The marriages of geology with physics, chemistry, and biology have 
created hybrid subdisciplines wherein the advanced methods and knowledge of those 
sciences are applied to geological questions. Rather than trespassing upon geology’s 
intellectual domain, these sciences augment it and create fertile ground for new 
exploration of geologic problems:  
In our commonwealth (geology) there are no outlanders . . . A physicist studying 
geology is by definition a geologist. (Sollas, 1900, p. 747) 
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There are many who would disagree with this statement as it is worded. Geology is more 
than simply physics applied to the earth. However, Nolan was not addressing the 
uniqueness of geological reasoning—he was addressing the domain of geological studies. 
In this sense, he is correct. Where geology overlaps with other disciplines, such as 
physics, chemistry, and biology, the result is a geological subdiscipline. 
Each subdiscipline has its own methodologies and philosophies, from the heavily 
experimental geochemistry, to the field-based but process-based geophysics, to the 
quantitative studies of hydrogeology with almost no historical element, to petroleum-
geology and sedimentology, which appear very similar to classical geology. The most 
influential of these hybrid subdisciplines seems to be geophysics, whose rhetoric presents 
itself as a more analytical, more quantitative version of classical geology. Frodeman 
(2000) reports on a geophysicist’s response to an oral presentation on philosophy: 
 . . . Geophysicist Thomas Jordan observed that a new kind of empiricism is 
emerging at the interface between geology and physics. Jordan believes that this 
new science of “geosystems” is distinct from both the reductionism of modern 
physics and what he calls “the hermeneutics of classical geology.” (p. 4) 
Indeed, geophysics seems to constitute a methodology that, while accepting the formality 
of empiricism, still directly engages the narrative geological histories that are unique to 
geology. An in-depth study of the methodology and philosophy of geophysics would be 
instructive as a comparison to classical, field-based, hermeneutic geology. 
 
4.3. Narratives and the Cognitive Tasks of Geologists 
The advent of the digital age has purportedly flooded geology with amounts of 
information on a scale that we have never seen before. The implication is that it has 
changed the way we conduct geology on a daily basis (Loudon, 2000, p. 33): 
 The key point is that we can now separate the storage and recording of 
information from the means of disseminating it; we are no longer forced to try 
and serve all purposes with the same “general purpose document”. Using IT we 
can select the area, change the scale and topographic base, choose the theme, 
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amend the colours and line styles. We can distribute the knowledge in an 
infinitely variable number of ways, delivering it on paper, on CD ROM, or 
across the Web and choose a variety of resolutions, qualities and levels of 
complexity. Increasingly, geologists are now using modeling software to create 
3- and 4-dimensional models, allowing users, through a variety of visualisation 
methods, an insight into the original scientist’s interpretation of the Earth below 
our feet. 
Although I expected to see plenty of evidence of this “new” way of doing geology 
in the journal articles in this study, the change in the amounts or types of data used in 
articles within in the GSA Bulletin over time has not been as marked as I anticipated. 
Digital technology appears to have been rather seamlessly incorporated into the 
publication process within the last twenty years or so. It is certain that most of the 
graphics published today are digitally produced, perhaps using GIS, and data analysis that 
doubtless could not have been done before is now performed as a matter of course. 
However, the genre of the journal article has not changed enough to accommodate most 
of this increased data management and visualization ability. For instance, most journals 
have yet to completely migrate to a color format, and any digital-format elements (such 
as animations) would be relegated to online archives if accepted at all. It is possible that 
this is an instance where the scientific literature does not reflect the extent of a drastic 
change in science, but observations from this study suggest another possibility.  
In fact, geologists have been handling large sets of spatially distributed data for 
ages and have developed specific techniques for managing them and for rendering them 
mobile. Because complex sets of data are not easily tractable using quantitative methods, 
geologists “rely chiefly on qualitative, descriptive data with verbal and diagrammatic 
arguments which strive to do justice to the complexity of nature,” (Hallam, 1989; 
Schumm, 1991; Dott, 1998) which contrast with the “numbers and manipulation of 
conditions” of the experimental sciences (Comet, 1996, p. 1508). These discourse 
strategies result in a journal article whose argumentative structure is not standardized, 
depending greatly on the type of problem being addressed, the available data, and the 
preexisting theoretical base. The loose format seems to be best described by Rowley-
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Jolivet’s different levels of knowledge claims, ranging from zero (preexisting literature) 
to medium (new results) to high (new theoretical model). Although this structure fits well 
enough into the IMRD format favored for structured experimental studies, the benefit to 
this structure seems to be efficiency more than theoretical rigor. Quite simply, a 
standardized structure improves reading comprehension (Dillon, 1991).  
Frodeman’s philosophical experiment into geologic activity and reasoning is a 
landmark in philosophical studies of geology; a Ph.D. in philosophy, he undertook a 
master’s thesis in sedimentology specifically in order to examine the process of learning 
a geologist’s habits of mind (Frodeman, 2003). First among his revelations was the 
discovery that geologic reasoning is not the biggest cognitive load on a geologist: the 
major mental task of a geologist is constructing a mental model of the geologic structure 
in three dimensions. The geologist moves over, around, and (if possible) within the rocks, 
constructing his mental image. Logical manipulations are performed on that mental 
image: “Insight comes through the receptive eye that dreams the outcrop (Frodeman, 
2003, p. 109). 
Data and observations from this study support this notion. The thrust of geologic 
literature, the overwhelming mandate of discourse in many classical-geology articles, is 
to convey the geologic setting in three dimensions (or four dimensions if a considerable 
amount of the geologic history is already known). The “geologic setting” section of a 
geologic article and graphics therein are organized so that the reader is able to construct a 
3-dimensional representation of the geologic problem before being presented with new 
knowledge claims. The alternative structures of results sections are often structured in 
spatial order, allowing the reader to place each piece of evidence correctly within this 
spatial framework.  
The extensive use of theoretically loaded graphic symbols is another way in 
which ideas in geological journal articles are spatially organized. Thus the structure of 
many geologic articles has for decades been set up precisely so that, as Loudon (2000, p. 
33) said, the reader gains “insight into the original scientist’s intepretation of the Earth 
below our feet.” Digital technologies may assist with this task, but it does not depend on 
their existence. This may be why their impact on ways of communicating science and 
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producing geologic evidence appears to have so far been limited within the still-print-
based geological journal article.  
 The evolution of geological journal articles over time also reflects what we know 
about geological philosophy. Instead of shifting drastically towards more experimental-
based forms of rhetoric, classical-geology articles show an intensification in the forms of 
argumentation that they already use. As a foil to contrast with the complexity of 
argument structure within geological articles, we can consider the biomedical journal 
article, as vilified by Medawar (1963). Medawar lambasted scientists for using an article 
structure that gives the impression of uninformed data-gathering. Saving all discussion 
until the end of the article and presenting it separately from the results, he says, is a gross 
misrepresentation of the cognitive processes in science. Geologists might justifiably be 
confused at this blanket criticism unless they realize that Medawar likely did very little 
reading in geology. Most geologists are comfortable with the extent to which their 
observations are entangled in theory (Frodeman, 2003); the structure of geological 
articles in many subdisciplines mirrors this. Classical-geology articles generally do not 
save most of the theoretical discussion until last; it is distributed throughout the article. In 
the beginning, the background theory is presented alongside the geological setting. The 
results sections commonly contain discussion concerned with whether each set of results 
fits into the theoretical story, a hermeneutic negotiation of the status of each bit of 
evidence in the overall narrative. In the discussion is an outline of the significance of the 
results with respect to the background theory, and often a recount of the history of the 
entity under study in true, past-tense, narrative form. The geological argument uses a web 
of interconnected verbal and visual arguments that grows more dense over time by using 
increasingly embedded symbols and vocabulary. 
The evolution of the rhetorical form of a geological theory therefore takes on a 
different form in a complex science such as geology than in an analytical one such as 
physics. As Baker (1999) points out, geologists do use the tools of the analytical sciences 
such as quantification and laboratory experimentation. But the proofs and certainties 
gained by these methods are ultimately judged by how they can be embedded into a 
larger narrative concerning the earth’s history and processes. Geologists choose specific 
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communicative strategies to render mobile their complex webs of significance that 
contain data, observations, and theories. Over time, these webs of significance become 
more dense with embedded theory and more esoteric as standardized vocabulary and 
symbolism become more extensive. Physicists prefer an equation as the ultimate 
embodiment of a physical theory, but within geologists’ complex webs of literary signs, 
the ultimate form of a geologic theory is often a noun phrase, a citation, or a graphic 
symbol. 
 
4.4. Hardness and the Crisis of Identity in Geology 
In describing the webs of argument within geological articles, I found myself 
echoing Baker (1999, p. 644): 
Geosemiotics shows that geological thought is embedded in an intricate web of 
signs. By detaching from this web in stipulating programs for proper reasoning, 
one risks killing the connections that provide creative insights. 
Here again is the notion that geological insight is concerned more with navigating a 
spatial relationship, albeit a figurative one, than a linear string of logical maneuvers. The 
use of the word “insight” is significant: both Loudon (2000) and Frodeman (2003) used it 
as well. It seems to convey the type of knowledge that geologists are after, an 
understanding of the conditions or processes pertaining to a particular situation. This 
understanding, or insight, is crucial to the validity of geological theories. It is the major 
element at risk from the diminished status of historical field studies. Applying the 
experimental paradigm too aggressively prevents geologists from appreciating the true 
complexity of the earth. Premature quantification of theories without the necessary 
insight conveys the illusion of precision with no foundation to base accuracy on. This is, 
in fact, one of the major philosophical issues in geology today concerning numerical and 
statistical models of such things as water supply and flood frequency (Baker and Twidale 
1991). In the face of increasing pressure to provide numbers (any numbers!) for 
lawmakers to act upon, true understanding of the systems being modeled require a strong 
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observational, sensory, and experiential foundation gained by the type of intensive, 
interpretive study that geologists have perfected over the years. 
Maintaining this standard of intensive, reflective field work may be a problem. 
The insight that comes from field work comes only through a receptive, patient activity. 
We cannot, as Bacon said, “put Nature to the rack, and compel her to answer our 
questions.” Geologists operate from a different perspective: 
The field geologist moves with the rhythms and vicissitudes of nature and the 
learned art of patience. During the course of a summer spent searching for clues 
to the story that we know awaits us somewhere in those cliffs, we must deal with 
life as it comes, not as we wish it should. A field geologist cannot force the 
answer from the rocks any more than he or she can command suitable weather 
for the search. (Turner, 2000, p. 52) 
The time to gain such insight is fast slipping away. In the same essay, Turner 
continues: 
Geologic activity is being overtaken by the same kind of frenetic activity, 
substitution of technology for reality, joyless self-flogging, and 
disconnectedness from nature that characterizes most modern workplaces. . . . 
Thoughtful reflection and deliberation are being replaced by hyperactivity in 
every aspect of our lives. (p. 56-57) 
Many research geologists now seem to have little resemblance to the iconic 
adventurers and explorers of the early 1900s, whose life works were usually contained 
within a handful of enormous, place-related monographs. However, it is a loss we feel 
dearly. The value placed on this way of working reaches beyond the logical requirements 
of the discipline, remaining embedded in geologic lore. Geology is a heroic venture, the 
geologist a hero. In fact, geology has its motivational roots in the Romantic sublime, the 
encounter with landscape, and the sense of wonder invoked there. 
The nineteenth-century amateur ethos did not merely drive researchers out of 
doors: it made them construct a romance of the field. . . nineteenth century 
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geologists celebrated ‘doing geology on your feet’, as the hard-core activity of 
their science. It was not merely, as Archibald Geikie was to write a little later, 
that fieldwork ‘evidently underlies all solid research in geology’. Or that, 
gentlemen geologists being for the most part scientifically untrained, fieldwork 
was one mode of science where their qualities of stamina, shrewd perception 
and native intelligence could particularly succeed. Rather fieldwork became a 
cult, an obsession. (Porter, 1978, p. 820)  
In unguarded moments, geologists betray our literary heritage. Frodeman (2000, 
p. 159) refers to geologists as “a clan of surreptitious poets.” Pyne (1978) refers to the 
“Heroic Age” of geology. Gould (1987) acknowledges the sense of the aesthetic still 
remaining in geology today. John McPhee’s geological writings, wildly popular among 
geologists and non-geologists alike, are unabashedly Romantic. This Romantic notion of 
the nature of geology still drives our science today. Philosophies are based on it; 
education speaks to it. It is, as at least one professor has admitted, the bait on his hook for 
recruiting students. It holds value for geologists beyond its logical implications.  
Indeed, the romantic value of awe in the face of nature’s vastness should be 
important to geology, a discipline whose major contribution to science has been to 
establish the incomprehensible immensity of geologic time. Humility before nature has 
its place in a discipline whose internal controversies have frequently revolved around a 
neglect of the massive catastrophic power of geologic events.  
Reflective field work is what many geologists consider to be the defining 
philosophical element of geology; the interpretive nature of field work and the historical 
nature of many geologic problems are the two things most cited by geologic philosophers 
seeking to define what is unique about geology. Much philosophical work has been done 
in reaction to accusations that geology is a derivative science—that geological 
phenomena can be explained completely using the physical laws governing the particles 
in geological systems (Bucher, 1941; Schumm, 1991; Frodeman, 1995; Baker, 1996, 
1999; Sugden, 1996). These philosophers assert that geology’s modes of reasoning must 
be unique to preserve it from eventual assimilation: 
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If geology is just physics, chemistry, mathematics, etc., applied to the earth, then 
its future will be a reduction to those more fundamental sciences. However, if 
geology has its own unique mode of reasoning, then cultivation of that reasoning 
will be critical to advancing understanding of Earth, the home to all human kind. 
(Baker, 1999, p. 633). 
The expansion of the geologic literature and the ongoing spawning of new 
disciplines illustrated in this study suggest that, even if science is reductionistic in theory, 
in practice, geology will never be subsumed by physics. The trend is in the opposite 
direction, towards ever-more specialized subdisciplines with their own philosophies and 
practices. 
The prospect of changing the iconic geologic way of life is accompanied by more 
specific expectations for increased rigor in geology. The investigations presented in this 
dissertation reveal an increase in influence of hard science subdisciplines on general-
geology journals, as well as a slight increase in apparent hardness in the GSA Bulletin. 
What this study cannot determine is whether these hardness indicators result from a 
substantive change originating from within the science itself, or whether geologists, out 
of a survival instinct, tend to clothe themselves in the garb of the harder sciences in an 
attempt to borrow legitimacy. The increase of discourse concerning the formal aspects of 
scientific reasoning may simply reflect geologists’ struggle to muscle an increasingly 
complex theoretical base into a coherent argument. Alternatively, it may reflect the 
pressure from outside the discipline to treat theory more explicitly, in more of a positivist 
manner. 
The pressure towards quantification in geology is a particular problem because 
the mathematics we use today was derived in service of physics. It was meant to handle 
simplified, analytical problems, not the full complexity of biological or geological 
subjects. However, calculus is hardly the last word in mathematics. For instance, part of 
the “new math” movement is the development of a mathematics capable of dealing with 
such complexities, with the uncertainties and particularities of real-world data taking 
center stage (Steen, 2005). Another way in which geology can become more quantitative 
without restricting itself to simplified systems amenable to analytical treatments is by 
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depending upon numerical models to tame the complexities (especially spatial 
complexities) inherent within geological systems. In seeking computational solutions to 
geologic problems, we engage in algorithmic thinking, a proficiency that computer 
science educators are very concerned with developing in their students. These and other 
fields offer alternative quantitative tools for handling complexity that geology may 
benefit from in the future. 
Physics is the model for a philosophy of science because it was spectacularly 
effective in what it set out to do. Over the past 50 years, geology has accumulated enough 
theoretical successes that it can make a similar boast. We are therefore left with the 
question: “Is our science successful because it is becoming more like physics?” Many 
geologic philosophers have answered emphatically in the negative (Bucher, 1941; Kitts, 
1977, 1978; Schumm, 1991; Frodeman, 1995, 2003; Baker, 1996, 1999; Sugden, 1996). 
Pressure from outside geology to become harder, more quantitative, and more 
experimental, suggests that many others would disagree. The results of this study support 
the view that geology remains philosophically distinct and very heterogeneous and imply 
that we must tread carefully when choosing which scientific norms we use to judge the 
quality of geologic work. 
 
4.5. Conclusions 
1. The size and heterogeneity of geological literature dictate that large-scale 
studies are a first step in fully characterizing the multifaceted nature of the science of 
geology.  
2. Informal accounts of change in geology appear to represent real trends over 
time, conforming to the measured changes in topical emphasis, methodology, and 
rhetorical styles in this dissertation. Geology has become more laboratory-based; 
geologic literature has enlarged and become fragmented; and geologic studies tend to be 
more quantitative and invoke physics and chemistry more often. The only element not 
readily apparent in these results is the intensely felt effect of technology on the day-to-
day workings of geologists. 
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3. Geology consists of six major areas of study—sedimentology/stratigraphy, 
oceans/climate, solid earth, earth surface, hard rock, and paleontology studies. It has a 
core of hard-rock, solid-earth, and general-geology journals, with paleontology and earth-
surface journals relatively isolated from other groups of journals.  
4. The growth in geologic journal literature over the study period was likely 
triggered by the plate tectonics revolution and the lunar landings. Modern geologists are 
hard-pressed even to keep up with the literature in their own subdiscipline.  
5. The subdiscipline of economic geology has lost an enormous amount of 
influence in the general-geology journals, as have paleontology and mineralogy. They 
have been replaced by tectonics, geophysics, and geochemistry. These results reflect the 
influence of the plate tectonics revolution and the reduced status of applied sciences 
compared with purer, more theoretical sciences. 
6. Classical-geology journal articles have changed format, moving from long, 
description-intense monographs to shorter, denser, more-focused studies. Informational 
elements with low information density have given way to those incorporating more 
esoteric, symbolic, denser forms of information. Graphics are more common in later 
years, but the use of equations and tables has not changed substantially. Graphics are 
more laden with information through the use of standardized sets of symbols, and 
graphics such as photographs and sketches are gradually replaced with graphics of higher 
information density. Geological language has changed slightly, indicating an increase in 
hardness and experimental discourse. Mostly, however, information density in the text is 
increased through the use of specialized vocabulary and long noun phrases. Overall, the 
geological arguments resemble increasingly dense webs of theory and observations. 
7. The largest differences in hardness and softness occur mainly between 
subdisciplines of geology. Petroleum geology and sedimentology appear similar to 
classical geology in their dependence upon large numbers of maps and graphs. 
Hydrogeology, geophysics, and geochemistry present a harder, more quantitative 
rhetoric, shown in part by their heavier dependence upon graphs and equations. 
Geochemistry seems most unlike classical geology, having no apparent spatial 
component at all. 
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8. Change in geology is caused largely by the crowding of classical geology by an 
expanding collection of harder subdisciplines that has grown up in the last half-century. 
Overall, these investigations have drawn a picture of geology as a complex collection of 
subdisciplines and suggest that it is time to expand the geological archetype of the field 
geologist into a more nuanced account of geological reasoning that allows for the 
differences between geologic subdisciplines.  
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Name Global Max Class 
paleontology 7239.2 5040.0 JP 
invertebrata 7196.3 852.9 JFR 
soils 6729.7 2408.7 Gd 
water 5676.1 1406.9 GW 
chordata 5616.3 4445.2 JVP 
deposits 5596.6 1219.0 MD 
vertebrata 5557.0 4429.5 JVP 
ground 5532.5 2476.0 GW 
protista 5446.5 2451.9 JFR 
hydrology 5382.9 4153.4 JH 
computer 5359.7 5247.6 CoG 
geophysical 5154.5 4446.5 Gp 
tetrapoda 5124.3 4255.6 JVP 
foraminifera 5017.7 2644.4 JFR 
earthquakes 4911.1 3984.8 BSSA 
ores 4855.7 721.4 JGcE 
microfossils 4693.5 2375.3 M 
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soil 4594.0 2654.9 SSSAJ 
programs 4520.1 4406.5 CoG 
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metal 4417.9 694.0 JGcE 
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mineral 4247.0 269.0 JGcE 
petroleum 4202.6 567.8 JPG 
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silicates 4065.7 904.1 CCM 
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aquifers 3560.7 1849.2 GW 
fortran 3534.8 3518.5 CoG 
paleo-oceanography 3517.4 3014.9 Po 
tectonics 3469.8 1081.1 Tt 
geochemistry 3362.3 545.0 CG 
geology 3355.7 1193.9 EcG 
hydrogeology 3271.6 915.5 GW 
ore 3149.5 2422.2 EcG 
methods 3149.2 2258.8 Gp 
Name Global Max Class 
sheet 3144.3 2696.6 CCM 
elastic 3119.0 1920.1 BSSA 
paleoclimatology 3106.7 1408.2 Po 
theria 3101.8 2848.8 JVP 
sedimentation 3084.6 682.1 S 
mammalia 3053.6 2596.1 JVP 
petrology 3019.0 935.6 JSR 
teeth 3018.9 2811.7 JVP 
genesis 3005.8 705.3 MD 
taxonomy 2988.2 376.9 JVP 
rocks 2987.7 77.0 IJCG 
organic 2950.2 1675.3 OG 
waves 2924.4 1875.0 BSSA 
marine 2849.6 1743.8 MmG 
coal 2825.1 2539.4 IJCG 
eruptions 2823.9 1414.9 JVGR 
compounds 2805.5 1869.1 OG 
ocean 2800.5 434.9 Po 
processing 2794.4 1894.0 CoG 
igneous 2778.7 243.4 L 
eutheria 2702.9 2445.6 JVP 
volcanic 2699.3 914.5 BV 
rotaliina 2686.6 1990.1 JFR 
paleozoic 2671.7 1498.5 JP 
exploration 2660.7 1203.7 JGcE 
montmorillonite 2631.1 2595.5 CCM 
oceanography 2622.4 2326.4 MmG 
meteorites 2595.0 1399.7 MPS 
earthquake 2512.8 2203.0 BSSA 
faults 2507.8 504.9 Tt 
structural 2488.0 1166.2 JSG 
cenozoic 2444.9 430.2 Po 
stony 2443.1 1575.1 MPS 
morphology 2437.3 821.0 P 
models 2434.5 819.9 WRR 
metals 2383.9 370.7 CG 
sediments 2344.5 727.9 MmG 
reptilia 2336.2 1908.0 JVP 
geochemical 2251.5 1386.5 JGcE 
ground-water 2244.7 2142.0 GW 
plate 2231.7 404.2 Tt 
environment 2227.3 82.1 GBC 
diapsida 2218.1 2103.8 JVP 
mathematical 2211.2 485.0 MG 
. Word list from classification exercise in Chapter 2. These represent the 1000 words in the 
classification word list with the highest global chi-square value. The probability that any of these 
distributions would occur in a homogenous set of classes is zero. 
Appendix A (Continued) 
Table 7 (Continued) 
125 
Name Global Max Class 
volcanology 2203.6 1181.8 BV 
gas 2202.6 236.6 JPG 
residues 2199.3 1705.4 IJCG 
allan 2191.4 2181.3 MPS 
engineering 2173.3 889.5 QJEG 
pollution 2160.6 887.0 GW 
metamorphic 2134.2 801.8 JMG 
metamorphism 2133.6 1243.8 JMG 
volcanism 2100.0 1422.7 JVGR 
data 2060.1 388.9 CoG 
group 2036.4 109.5 EJM 
planktonic 1963.7 946.8 Po 
hydrocarbons 1956.2 1505.6 OG 
quaternary 1954.6 490.3 Po 
erosion 1946.5 1587.8 ESPL 
rivers 1914.4 1390.2 JH 
paleoecology 1913.7 1004.6 PPP 
magmas 1898.3 398.0 JPt 
atmosphere 1894.8 1344.4 JGRD 
mars 1886.2 1729.8 JGRE 
streams 1880.3 1308.7 JH 
jaws 1861.4 1784.7 JVP 
composition 1829.6 128.1 L 
body 1824.2 1186.6 BSSA 
program 1819.5 1147.5 CoG 
crust 1811.5 228.9 Tt 
chondrites 1806.7 1115.1 MPS 
oil 1801.9 213.5 JPG 
mollusca 1794.3 199.0 Ps 
stratigraphy 1791.7 671.1 PPP 
geomorphology 1788.4 1381.9 ESPL 
deformation 1787.4 754.3 JSG 
transport 1777.6 949.6 WRR 
x-ray 1776.7 114.6 EJM 
kriging 1775.6 1746.6 MG 
regimes 1725.7 1026.7 JH 
skull 1722.0 1598.4 JVP 
coals 1714.9 1649.2 IJCG 
clastic 1714.1 358.2 SG 
movement 1711.9 922.5 WRR 
biostratigraphy 1685.0 427.5 M 
structure 1668.0 138.9 EJM 
aromatic 1652.1 1536.2 OG 
p-t 1639.3 790.4 JMG 
isotopes 1634.6 357.3 Po 
hydrodynamics 1625.2 1132.1 WRR 
macerals 1621.8 1188.2 IJCG 
Name Global Max Class 
variance 1607.7 1479.6 MG 
formation 1607.1 198.6 JVP 
states 1592.2 360.3 JP 
archosauria 1579.2 1497.9 JVP 
sea 1573.3 216.5 Po 
mechanics 1571.0 1100.9 EnG 
mineralization 1565.0 653.6 MD 
preferred 1543.7 1432.7 JSG 
stable 1518.6 450.3 Po 
cycle 1514.0 987.0 GBC 
volcano 1513.3 1077.4 JVGR 
arthropoda 1503.5 1003.9 JP 
meteorite 1503.5 915.1 MPS 
variograms 1501.0 1408.0 MG 
tectonophysics 1493.7 235.3 Tt 
materials 1489.5 474.5 OG 
drainage 1476.7 103.3 HP 
glacial 1475.4 923.4 Po 
pedogenesis 1473.6 968.3 Gd 
paleotemperature 1461.2 1084.3 Po 
extension 1459.2 977.3 Tt 
new 1453.2 192.1 JVP 
eruption 1448.9 1012.4 BV 
acids 1447.1 1117.8 OG 
phylogeny 1446.0 1069.8 JVP 
gold 1444.3 132.3 JGcE 
structures 1423.0 354.7 SG 
mantle 1417.0 530.3 PEPI 
pyroclastics 1408.4 697.2 BV 
united 1403.2 320.7 JP 
features 1401.1 642.7 ESPL 
chemical 1392.3 211.0 CG 
surveys 1390.9 311.4 SSSAJ 
deposit 1381.1 534.4 MD 
rainfall 1381.0 186.1 HP 
folds 1379.0 896.1 JSG 
circulation 1379.0 470.1 Po 
magnetosphere 1363.0 1363.0 JGR 
fatty 1362.9 1279.1 OG 
statistical 1361.3 677.0 MG 
hydraulic 1357.8 665.5 WRR 
orthosilicates 1345.9 94.4 JMG 
elements 1328.7 438.8 CG 
steranes 1324.5 1293.2 OG 
biomarkers 1318.3 1244.5 OG 
spectra 1308.6 481.9 OG 
aquifer 1304.6 860.2 GW 
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runoff 1304.2 344.1 HP 
pollutants 1303.7 104.0 EEG 
lithofacies 1294.4 532.3 SG 
currents 1289.9 604.9 JGRC 
developments 1282.8 1277.2 AAPGB 
foraminiferal 1277.6 769.7 JFR 
landslides 1276.0 1146.6 EnG 
europe 1274.3 52.2 QJEG 
brachiopoda 1265.4 377.7 P 
continental 1258.5 755.1 MmG 
magnitude 1258.4 1115.6 BSSA 
copper 1255.6 152.0 JGcE 
cladistics 1252.9 1145.1 JVP 
zones 1243.1 295.9 Tt 
the 1241.1 53.6 Tt 
p-waves 1238.2 715.5 BSSA 
aliphatic 1237.4 245.1 GBC 
upper 1235.4 131.5 JVP 
plutonic 1229.7 188.5 L 
theoretical 1223.5 358.5 JH 
groundwater 1223.1 689.2 WRR 
benthic 1222.8 590.3 JFR 
strain 1217.7 589.6 JSG 
kingdom 1211.7 252.1 QJEG 
conditions 1211.5 559.5 JMG 
kaolinite 1208.9 1104.8 CCM 
bedding 1204.9 388.8 S 
mesozoic 1204.7 161.0 JVP 
isotope 1194.8 346.0 Po 
venus 1194.3 1143.5 JGRE 
lipids 1179.2 1137.2 OG 
tertiary 1172.2 222.2 JVP 
studies 1171.2 230.1 CCM 
equilibria 1169.3 135.2 JPt 
holocene 1158.7 414.1 JFR 
diffraction 1153.7 140.0 EJM 
lava 1152.8 530.9 JVGR 
britain 1152.5 198.8 QJEG 
nesosilicates 1145.0 160.5 PCM 
carbon 1143.5 137.9 GBC 
thrust 1143.3 392.6 Tt 
ratios 1142.2 241.0 Po 
foliation 1142.2 910.5 JSG 
isoprenoids 1141.0 1117.7 OG 
from 1140.3 108.0 JVP 
trace 1132.0 489.6 CG 
atlantic 1129.7 278.4 Po 
Name Global Max Class 
magnetic 1129.2 590.3 JGR 
fluvial 1128.9 401.6 ESPL 
seismicity 1113.8 715.7 BSSA 
smectite 1110.8 1056.9 CCM 
radiolaria 1108.1 993.1 M 
sulfides 1102.6 283.9 MD 
taphonomy 1101.7 926.1 Ps 
interpretation 1100.3 885.2 Gp 
hydrochemistry 1100.0 266.6 AG 
reflection 1099.3 782.1 Gp 
biogeography 1095.0 465.4 PPP 
motion 1091.7 101.1 EEG 
globigerinacea 1087.0 696.9 JFR 
sub 1082.2 303.8 PCM 
assemblages 1075.6 383.1 JMG 
solute 1073.9 58.3 HP 
carbonate 1062.1 207.5 SG 
alfisols 1061.8 1017.4 SSSAJ 
chemistry 1061.4 150.9 CM 
flow 1059.6 38.6 HP 
experimental 1054.1 365.8 CCM 
alkanes 1052.3 276.2 GBC 
unsaturated 1051.9 713.9 WRR 
s-waves 1048.8 691.3 BSSA 
bottom 1044.8 883.6 MmG 
basalts 1043.9 166.4 JPt 
reservoir 1039.7 368.0 JPG 
cores 1038.8 547.4 Po 
fault 1035.3 129.9 Tt 
crystallization 1035.3 381.0 JPt 
faunal 1027.9 480.4 JFR 
velocity 1024.7 273.0 Gp 
phase 1023.9 106.3 JPt 
chondrules 1019.2 947.2 MPS 
planetology 1017.4 920.1 JGRE 
ore-forming 1015.3 900.3 EcG 
c- 1012.5 516.7 Po 
atmospheric 1008.1 168.1 JGRD 
paleocirculation 1005.4 816.1 Po 
orientation 1004.6 819.2 JSG 
paleoenvironment 1003.8 596.3 Ps 
analysis 1001.2 283.0 MG 
refinement 999.4 121.3 EJM 
chain 996.1 354.5 CMP 
pyrolysis 994.1 877.5 OG 
recharge 992.9 366.3 GW 
biogeochemical 989.0 270.1 GBC 
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o- 987.6 577.3 Po 
conductivity 985.8 384.3 WRR 
shear 981.8 514.9 JSG 
numerical 979.3 556.0 WRR 
lower 970.8 188.8 P 
osteichthyes 966.2 925.7 JVP 
ph 962.0 465.9 SSSAJ 
epicenters 954.6 703.8 BSSA 
quality 948.5 578.5 GW 
hydrologic 947.9 611.5 JH 
porous 946.5 836.2 WRR 
biomass 941.9 839.2 GBC 
dinosaurs 941.8 827.3 JVP 
rare 939.6 210.5 CG 
horizons 936.2 753.9 SSSAJ 
shelf 933.7 550.0 MmG 
exinite 921.7 766.1 IJCG 
extinctions 918.5 827.6 Ps 
micromorphology 916.7 715.7 Gd 
depositional 908.9 382.7 SG 
aerosols 908.4 626.2 JGRD 
landform 907.8 738.4 ESPL 
ionosphere 906.4 905.9 JGR 
stress 896.8 196.1 Tp 
flows 896.0 383.8 JVGR 
biologic 895.6 452.1 JVP 
pacific 895.3 121.4 Po 
micropaleontology 888.0 763.6 M 
paleogeography 882.4 493.1 PPP 
properties 880.9 147.6 CCM 
alteration 879.7 235.1 MD 
metasomatism 879.2 200.3 MD 
glaciomarine 877.9 588.9 Po 
england 873.5 283.6 QJEG 
metabasite 873.2 843.4 JMG 
sediment 872.6 237.0 ESPL 
literature 866.1 853.8 JFR 
framework 866.0 76.3 EJM 
applications 864.3 523.6 CoG 
sandstone 863.4 180.1 SG 
petrofabrics 860.8 687.7 JSG 
displacements 860.1 269.3 JSG 
plantae 859.4 147.5 Ps 
mandibulata 855.4 196.1 M 
pleistocene 855.1 310.3 Po 
sicily 853.2 575.8 JVGR 
oxygen 852.5 434.6 Po 
Name Global Max Class 
living 848.5 393.5 Ps 
great 847.5 155.3 QJEG 
mass 846.8 478.9 OG 
earths 844.3 59.9 L 
achondrites 840.6 691.0 MPS 
basins 836.7 68.9 JPG 
palynomorphs 836.4 438.6 PPP 
wells 835.9 408.0 GW 
carboniferous 834.9 90.1 IJCG 
production 834.9 34.5 GBC 
slope 834.5 372.3 EnG 
triterpanes 833.5 793.7 OG 
north 829.6 74.0 Po 
guided 825.8 648.7 BSSA 
diagenesis 823.1 109.9 SG 
biochemistry 819.7 233.2 GBC 
actinopterygii 819.4 790.8 JVP 
seams 814.9 747.2 IJCG 
paleomagnetism 811.0 162.8 PEPI 
subduction 810.9 306.3 Tt 
traps 808.4 78.0 JPG 
last 808.0 672.7 Po 
western 804.5 59.8 QJEG 
lead-zinc 803.3 442.2 MD 
propagation 802.8 463.9 BSSA 
moon 802.5 588.6 JGRE 
echinodermata 801.8 86.2 Ps 
planets 799.3 651.0 JGRE 
oxides 799.0 148.2 PCM 
seismograms 797.5 436.3 BSSA 
degradation 793.6 659.9 OG 
biogenic 791.2 132.2 GBC 
waste 790.5 361.0 GW 
equatorial 789.5 560.6 Po 
climate 789.0 154.4 JGRD 
orogeny 787.3 257.1 Tt 
geostatistics 786.2 691.1 MG 
trilobitomorpha 782.2 619.7 JP 
trilobita 782.2 619.7 JP 
italy 782.2 337.8 JVGR 
cretaceous 780.6 184.6 JVP 
dams 779.2 632.0 EnG 
aftershocks 778.9 698.4 BSSA 
wetlands 777.4 510.0 GBC 
infiltration 776.9 193.2 SSSAJ 
fractional 776.1 348.7 JPt 
neogloboquadrina 774.6 689.3 JFR 
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pump 772.9 670.9 GW 
logging 772.7 739.1 Gp 
silver 772.5 715.4 EcG 
maturity 770.9 443.6 OG 
algorithms 768.2 245.7 CoG 
exchange 768.1 337.0 SSSAJ 
probe 765.9 84.4 MPS 
magma 764.8 293.2 JVGR 
planar 763.9 234.9 S 
rank 760.6 655.3 IJCG 
late 759.3 232.1 PPP 
mechanism 759.2 194.9 Tp 
mylonites 757.9 664.5 JSG 
host 756.7 326.6 MD 
electron 755.6 58.6 MPS 
fluids 753.9 626.6 EcG 
margin 753.3 509.9 MmG 
hydrothermal 751.7 180.5 MD 
crustacea 746.8 228.9 M 
kinematics 744.3 558.4 JSG 
shore 743.5 529.9 MmG 
chondrite 743.0 657.1 MPS 
natural 740.3 52.5 JPG 
adsorption 739.1 375.5 CCM 
alkaline 737.5 230.3 CMP 
pigments 736.7 689.5 OG 
precambrian 734.6 84.3 L 
bones 731.4 585.7 JVP 
well-logging 726.0 562.9 Gp 
sea-surface 725.7 504.0 Po 
hazards 725.3 316.6 EnG 
middle 723.9 280.0 JP 
disposal 718.9 162.5 AG 
o 718.6 42.4 EJM 
veins 715.4 132.7 MD 
ordovician 714.9 438.2 JP 
ecology 714.6 416.8 JFR 
cell 713.7 146.9 PCM 
processes 711.8 128.3 MD 
methane 707.9 426.9 GBC 
mine 707.2 421.6 EcG 
lunar 706.7 448.8 JGRE 
profiles 706.6 125.4 Tt 
streamflow 703.3 474.6 JH 
stochastic 702.5 216.7 MG 
inverse 702.1 419.2 Gp 
channels 701.8 457.9 ESPL 
Name Global Max Class 
species 699.9 125.6 JFR 
revision 699.7 129.4 JVP 
high 699.6 194.5 PCM 
porphyroblastic 699.4 672.1 JMG 
changes 699.4 147.7 Po 
fields 697.1 44.7 JPG 
neogene 697.0 142.0 JVP 
intrusions 695.2 106.4 L 
world 694.8 395.3 GBC 
tectonic 691.8 180.2 Tt 
surface 691.2 104.3 JGRE 
acoustical 691.2 405.7 MmG 
discharge 690.6 56.5 HP 
equations 689.3 147.4 CoG 
ostracoda 687.4 329.9 M 
explosions 684.1 629.1 BSSA 
inclusions 683.1 43.4 MPS 
evapotranspiration 682.0 574.2 JH 
geometry 681.6 386.2 JSG 
glaciation 681.2 328.7 Po 
facies 680.5 310.7 JMG 
garnet 675.9 103.4 JMG 
paleogene 673.5 144.3 JVP 
stream 668.0 231.0 JGcE 
zinc 666.9 198.9 MD 
floors 666.4 430.9 MmG 
granulites 664.2 298.1 JMG 
cephalopoda 663.9 490.8 JP 
problem 663.5 399.8 Gp 
defects 662.1 621.9 PCM 
vitrinite 661.8 242.2 IJCG 
paleocurrents 660.4 449.7 SG 
differentiation 660.1 254.8 JPt 
earth 660.0 117.7 CMP 
interglacial 654.8 373.7 Po 
county 653.8 42.9 JVP 
movements 653.1 361.3 EnG 
electrical 648.4 440.0 Gp 
paleobotany 648.3 437.5 P 
parent 648.0 326.7 Gd 
planetary 647.4 537.6 JGRE 
irregularities 646.0 284.6 S 
bathymetry 644.0 420.5 MmG 
deep-sea 643.5 135.3 Po 
illite 642.8 562.1 CCM 
ultisols 637.2 592.5 SSSAJ 
sand 637.2 214.5 S 
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campania 636.9 440.6 JVGR 
phytoplankton 634.4 470.5 GBC 
levels 632.4 482.3 JH 
genus 632.1 167.4 JVP 
focal 631.6 315.9 BSSA 
optical 631.4 204.6 CM 
tests 630.9 406.3 GW 
photochemistry 629.1 430.9 GBC 
pyroxene 628.8 29.5 MPS 
tracers 628.2 29.7 GBC 
calderas 627.5 268.9 JVGR 
foundations 625.6 426.6 QJEG 
etna 625.2 473.4 JVGR 
solar 624.3 560.9 JGR 
electromagnetic 623.4 559.3 Gp 
ignimbrite 622.7 291.7 JVGR 
basin 620.7 67.2 JPG 
evolution 614.7 86.6 ESPL 
floods 614.5 29.5 EEG 
construction 614.2 309.1 QJEG 
mollisols 613.3 607.0 SSSAJ 
lead 612.3 172.3 MD 
sulfide 611.7 146.6 MD 
catchment 611.5 183.9 HP 
strong 609.9 578.0 BSSA 
global 606.7 189.1 GBC 
pisces 604.1 352.7 JVP 
algae 602.1 179.3 Ps 
hydrographs 599.8 90.9 HP 
california 599.8 26.4 EEG 
paleoceanography 597.9 491.5 Po 
river 596.8 141.4 ESPL 
tunnels 596.8 513.0 EnG 
mixed-layer 596.4 543.3 CCM 
gastropoda 595.8 128.1 Ps 
crude 595.0 542.0 OG 
precipitation 593.5 366.4 JH 
management 593.4 72.4 HP 
melting 592.3 211.3 JPt 
remediation 592.2 49.0 EEG 
peat 590.7 235.6 IJCG 
asia 589.5 144.7 Tp 
lithogeochemistry 588.8 486.0 JPt 
bitumens 588.3 492.9 OG 
kerogen 587.8 179.4 JPG 
fractionation 587.4 75.8 GBC 
cation 585.8 207.3 SSSAJ 
Name Global Max Class 
hopanes 585.3 559.0 OG 
hopanoids 585.3 559.0 OG 
biometry 582.7 215.2 JVP 
miospores 582.4 493.1 PPP 
canada 581.9 344.6 CM 
air-sea 581.8 363.6 JGRC 
strontium 581.4 188.4 CMP 
mica 581.3 69.8 JPt 
humic 578.8 317.7 OG 
east 578.8 37.0 Tt 
sea-level 577.6 94.3 Ps 
meteorology 576.8 23.7 JGRD 
belts 576.6 252.5 Tt 
historical 576.1 471.6 AAPGB 
prospecting 575.8 511.5 JGcE 
infrared 575.2 172.1 PCM 
major 573.3 109.8 L 
carbonaceous 572.9 253.5 MPS 
district 570.2 462.2 EcG 
inceptisols 570.1 458.7 SSSAJ 
bivalvia 568.7 93.3 Ps 
wind 566.2 99.0 JGRD 
stratiform 565.1 484.1 MD 
synthetic 564.3 203.9 PCM 
phylogenetic 564.0 515.5 JVP 
podzols 563.7 553.0 Gd 
gravity 560.0 224.6 Gp 
ion 559.1 106.4 AG 
crustal 558.4 125.0 Tt 
focus 556.1 337.5 BSSA 
ice 554.7 191.3 JGRD 
moisture 554.4 325.8 SSSAJ 
seasonal 554.3 84.1 GBC 
strike-slip 554.2 177.2 Tt 
interplanetary 554.1 62.9 JGRE 
sampling 553.7 177.1 JGcE 
capacity 551.2 258.1 SSSAJ 
model 551.1 41.7 GBC 
for 550.7 229.9 CoG 
limestone 550.3 86.2 SG 
field 549.0 135.6 JGR 
filters 548.8 485.0 Gp 
coelenterata 548.3 145.2 Ps 
anomalies 547.9 27.3 JGcE 
sorption 547.4 363.5 SSSAJ 
pennsylvanian 546.5 47.3 IJCG 
agriculture 545.2 239.8 Gd 
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simulation 544.4 24.0 GBC 
denitrification 544.0 430.9 GBC 
resistivity 541.8 18.9 EEG 
decollement 541.7 216.5 Tt 
functional 540.9 296.9 JVP 
neodymium 540.8 225.4 CMP 
crystallography 534.5 506.6 AM 
guides 534.3 391.9 JGcE 
craters 534.2 386.8 JGRE 
temperature 533.8 140.1 PCM 
gulf 533.6 97.0 Ps 
media 533.1 397.1 WRR 
ductile 532.9 378.2 JSG 
p-t-t 531.9 427.5 JMG 
neotectonics 531.2 170.1 Tt 
zone 530.6 223.0 WRR 
halloysite 529.5 515.3 CCM 
pumice 529.2 331.5 JVGR 
feldspar 528.7 154.0 CMP 
lattice 527.6 240.7 PCM 
massive 524.1 195.4 MD 
source 523.1 246.0 JPG 
vegetation 523.0 60.0 GBC 
watersheds 522.2 108.1 HP 
southern 522.0 49.5 JVGR 
articulata 521.0 363.1 JP 
resources 519.4 175.3 GW 
in 518.1 13.2 JGcE 
provenance 517.2 103.4 SG 
damage 517.2 322.2 EEG 
pachyderma 516.2 477.0 JFR 
mgsio 516.1 485.1 PCM 
bonding 514.6 136.4 PCM 
petrography 514.3 45.4 MPS 
tungsten 513.9 171.8 JGcE 
plankton 513.6 270.1 GBC 
ultramafic 512.9 286.3 CMP 
digital 511.2 124.6 CoG 
sulfur 510.2 34.4 JGRD 
sr- 510.0 70.4 JPt 
dissolved 508.9 97.4 GBC 
olivine 507.0 79.5 MPS 
iron 506.8 18.3 AG 
current 506.7 336.4 JGRC 
plinian-type 506.3 295.0 BV 
size 505.7 131.0 S 
rock-eval 504.4 133.9 JPG 
Name Global Max Class 
plane 504.1 197.8 S 
sources 501.9 59.2 JPG 
ultramafics 501.9 129.6 L 
submarine 501.6 423.7 MmG 
turbidity 500.8 161.9 S 
ichnofossils 500.8 222.9 Ps 
geologic 500.0 111.6 EnG 
coastal 499.0 65.2 Ps 
slopes 498.2 305.1 ESPL 
geotechnical 497.9 167.8 EEG 
polycyclic 497.5 438.1 OG 
nd- 496.6 61.6 JPt 
variations 494.4 55.0 GBC 
amplitude 493.1 364.7 BSSA 
jurassic 492.0 37.2 JPG 
nearshore 492.0 94.9 Ps 
dam 490.1 381.7 EnG 
thermometry 487.2 74.4 JMG 
dust 487.2 232.7 JGRE 
absolute 486.3 53.9 Tt 
anatomy 484.7 235.8 JVP 
fluid 484.4 59.5 JMG 
miocene 484.3 133.0 JVP 
silurian 483.2 128.6 P 
geophysics 483.1 182.7 PEPI 
chambers 482.2 192.4 JVGR 
isotopic 482.0 44.1 MPS 
environmental 481.5 136.8 GW 
eclogite 481.2 245.6 L 
carnivora 481.0 441.8 JVP 
dimensions 479.8 154.2 PCM 
radioactive 479.5 83.5 AG 
paragenesis 478.2 76.8 MD 
rupture 478.1 310.7 BSSA 
eocene 477.8 103.9 Ps 
forests 477.1 52.4 HP 
collision 476.0 279.4 Tt 
schists 474.5 261.5 JMG 
buildings 473.0 267.0 EEG 
seismotectonics 472.9 123.8 Tp 
xenoliths 472.7 52.9 L 
normal 472.4 179.7 Tt 
oceanic 471.8 11.5 GBC 
stability 470.9 232.8 EnG 
granites 469.9 37.5 L 
attenuation 469.6 18.9 EEG 
pumping 469.6 273.6 GW 
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permeability 469.2 32.0 QJEG 
extremities 468.8 407.0 JVP 
stratigraphic 468.2 309.9 AAPGB 
nmr 467.5 298.8 OG 
pressure 466.1 97.5 PCM 
age 465.7 62.4 Tt 
sensing 465.5 154.1 JGRE 
weathering 465.1 215.3 Gd 
textures 464.5 66.6 JMG 
stratabound 464.1 230.6 MD 
anthozoa 461.8 163.2 Ps 
remote 460.3 151.2 JGRE 
aqueous 460.2 358.2 GCA 
texas 460.1 251.2 AAPGB 
deep 458.7 258.9 Po 
saurischia 458.4 407.0 JVP 
amphibole 457.7 45.0 JMG 
greenschist 457.4 297.3 JMG 
storage 456.9 95.6 HP 
controls 456.6 135.5 MD 
retrograde 456.1 329.5 JMG 
moment 455.0 149.7 PEPI 
#name? 454.1 435.5 Gp 
hills 453.4 353.9 MPS 
polymetallic 453.3 361.7 EcG 
cleavage 452.5 395.9 JSG 
fossils 452.4 111.3 Ps 
terrestrial 451.6 57.7 GBC 
wave 451.6 121.4 BSSA 
preservation 451.5 338.8 Ps 
gases 451.2 42.2 GBC 
aeronomy 450.0 430.4 JGR 
algorithm 449.0 389.8 CoG 
clinopyroxene 448.2 211.7 CMP 
brachiopods 447.0 206.1 P 
strength 446.8 267.3 EnG 
cluster 446.5 315.7 JFR 
lithosphere 445.8 66.4 Tt 
mount 445.8 245.2 JVGR 
islands 445.4 142.7 JVGR 
devonian 444.6 218.7 JP 
ordinary 443.4 345.1 MPS 
crinozoa 441.1 380.4 JP 
perissodactyla 440.7 377.1 JVP 
change 440.7 237.1 Po 
amphibolite 439.4 323.2 JMG 
spectroscopy 438.9 134.2 PCM 
Name Global Max Class 
common-depth-point 437.0 433.8 Gp 
rodentia 436.9 328.5 JVP 
drilling 436.7 152.5 Po 
solutes 436.5 299.8 WRR 
braided 436.5 331.7 ESPL 
sio 435.7 340.1 PCM 
human 435.5 237.8 GBC 
dates 435.3 42.1 Tt 
oxidation 435.2 39.3 GBC 
rifting 433.6 229.5 Tt 
melts 432.6 28.5 MPS 
prograde 432.6 268.3 JMG 
complex 432.1 71.9 JPt 
pollen 431.0 311.2 PPP 
beaches 429.7 138.6 JGRC 
failures 429.2 350.4 EnG 
horizon 428.4 410.4 Gd 
modelling 428.3 52.4 HP 
orogenic 427.2 242.0 Tt 
heterogeneous 426.4 366.1 WRR 
latitude 426.2 321.8 GBC 
occurrence 426.0 155.4 MM 
specimens 425.8 322.3 P 
globigerina 425.3 364.7 JFR 
rock 424.2 250.0 EnG 
turbidite 423.6 173.0 SG 
diversity 423.0 186.1 Ps 
monitoring 422.9 265.4 GW 
spreading 422.0 284.8 JGRB 
geodesy 420.1 309.6 JGRB 
member 419.6 274.1 JP 
mudstone 419.2 164.4 SG 
weichselian 417.5 348.3 Po 
a 417.4 60.2 CoG 
convergence 416.6 140.1 Tt 
terranes 416.5 112.5 JMG 
tem 416.4 177.5 CCM 
lithostratigraphy 416.3 52.1 JPG 
porosity 415.9 24.1 JPG 
traveltime 415.4 198.1 BSSA 
hydrological 413.9 149.4 JGcE 
steady 413.9 346.8 WRR 
plagioclase 413.4 155.7 CMP 
thermodynamic 411.9 23.9 EJM 
intertidal 411.8 136.9 S 
winds 410.7 311.0 JGRC 
mid-ocean 410.4 292.2 JGRB 
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nomenclature 408.6 253.0 JP 
raman 408.6 317.5 PCM 
compression 406.4 157.7 JSG 
odp 405.5 325.5 Po 
alkali 404.6 106.9 CMP 
sonar 404.6 390.7 MmG 
carbonates 403.6 123.3 JSR 
tetrabranchiata 402.4 93.8 P 
trend-surface 402.1 376.8 MG 
rotation 401.9 38.5 JGRE 
land 401.8 76.7 HP 
gneisses 401.5 80.6 JMG 
grain 401.1 109.5 S 
s- 400.9 79.5 AG 
level 400.8 206.7 MmG 
eastern 400.8 160.8 CM 
leg 399.5 232.2 Po 
rayleigh 399.2 98.3 PEPI 
n-alkanes 398.7 296.2 OG 
brachiopod 397.3 184.7 P 
nitrate 397.2 153.1 GBC 
scotland 397.2 244.5 MM 
holotypes 396.7 153.4 JVP 
caldera 396.7 184.4 JVGR 
canyons 396.6 372.8 MmG 
texture 396.2 269.1 JMG 
mississippian 395.9 228.8 JP 
american 395.5 109.5 Tt 
porphyry 395.2 69.9 JGcE 
transitions 395.2 247.0 PCM 
humus 394.8 331.4 Gd 
three-dimensional 394.3 114.0 Gp 
oils 394.2 333.7 OG 
impacts 393.4 281.5 JGRE 
altimetry 392.3 278.9 JGRC 
observations 391.9 21.0 GBC 
lignite 390.6 273.4 IJCG 
impact 390.0 196.3 JGRE 
andesites 389.5 182.0 BV 
order-disorder 389.1 84.7 EJM 
modeling 389.0 12.5 GBC 
spatial 387.8 46.7 GBC 
rates 387.5 51.4 ESPL 
proterozoic 387.4 46.9 L 
modern 387.2 124.1 Ps 
reserves 386.2 169.7 JPG 
fold 386.1 95.6 Tt 
Name Global Max Class 
belt 385.1 111.5 Tt 
analogs 384.9 320.5 Ps 
peridotites 384.7 74.7 L 
geothermal 384.4 181.6 JVGR 
channel 384.2 233.0 ESPL 
two-dimensional 383.7 30.0 CoG 
transgression 383.6 66.6 Ps 
sea-floor 383.2 265.0 JGRB 
reconstruction 383.1 150.1 Ps 
conodonta 383.0 289.0 JP 
metaigneous 382.7 191.7 JMG 
shale 382.6 43.7 JPG 
transmissivity 382.3 216.4 GW 
quebec 381.9 294.1 CM 
fabric 381.5 153.3 JSG 
peninsula 381.4 99.6 SG 
matter 381.1 151.2 IJCG 
solutions 381.0 207.1 GCA 
hydraulics 380.9 32.6 HP 
biofacies 380.7 228.8 Ps 
sulfosalts 380.6 294.7 CM 
viscosity 380.5 82.4 JVGR 
sp 380.0 85.3 JVP 
dynamics 378.7 188.2 WRR 
blueschist 378.5 281.8 JMG 
permian 378.4 22.5 IJCG 
porphyrins 378.3 334.6 OG 
cementation 378.1 55.5 SG 
magnetization 377.0 121.2 PEPI 
migration 377.0 125.0 JPG 
lineation 376.7 244.9 JSG 
cambrian 376.6 91.2 P 
ridges 376.3 279.4 JGRB 
sorosilicates 375.8 73.1 EJM 
ejecta 375.2 292.6 JGRE 
satellite 374.3 73.1 JGRE 
vermiculite 373.2 270.3 CCM 
abundance 372.7 196.4 GCA 
early 372.5 39.7 JVP 
convection 372.4 171.2 PEPI 
mechanical 372.2 193.1 EnG 
trilobites 372.2 142.0 P 
window 372.0 327.9 JMG 
globorotalia 371.3 169.3 JFR 
vesuvius 371.1 222.6 BV 
soft 370.8 168.9 SG 
pyroclastic 370.1 225.0 BV 
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central 368.7 59.4 MD 
bodies 368.2 34.1 MPS 
precipitated 368.0 97.7 SG 
paths 367.3 217.5 JMG 
physicochemical 366.8 280.2 Gd 
seismographs 366.3 310.4 BSSA 
affinities 365.8 170.9 JVP 
loess 363.6 63.1 HP 
use 362.5 78.5 HP 
cv 362.2 181.0 MPS 
style 361.7 190.0 JSG 
accretion 361.2 287.7 Tt 
boreholes 361.2 43.8 QJEG 
cosmochemistry 361.0 197.8 JGRE 
list 360.3 151.4 PPP 
beach 359.5 90.0 JGRC 
preferential 359.2 289.3 WRR 
and 359.0 7.0 AG 
exhalative 358.7 289.8 MD 
allende 358.6 192.6 MPS 
massif 358.2 137.0 MD 
globigerinidae 357.7 156.2 JFR 
barometry 357.6 184.6 JMG 
ammonoidea 357.4 105.5 P 
bedload 357.3 135.7 ESPL 
c 356.9 33.1 GBC 
balance 356.9 35.0 HP 
uranium 356.4 34.9 JGcE 
ecosystems 356.0 256.3 GBC 
imagery 355.9 205.2 JGRE 
tholeiitic 355.0 158.5 JPt 
hydrocarbon 355.0 98.9 JPG 
suture 354.8 242.3 Tt 
chemically 353.3 95.2 SG 
communities 353.2 225.5 Ps 
origin 353.0 29.0 MPS 
bioclastic 352.7 82.4 GBC 
forest 352.0 70.6 JGRD 
dioxide 351.9 102.3 GBC 
west 351.5 39.4 JFR 
louisiana 351.2 297.3 AAPGB 
finite 350.0 18.8 Tt 
nappes 349.7 188.3 JSG 
granulite 349.6 74.9 L 
iv 349.5 305.5 CoG 
silica 349.4 51.0 PCM 
ridge 349.0 25.1 Po 
Name Global Max Class 
si 348.9 9.5 GBC 
lacustrine 348.6 76.9 S 
unconfined 348.6 113.3 GW 
method 348.6 177.7 Gp 
mining 347.9 63.3 AG 
carbohydrates 347.8 311.5 OG 
airborne 347.7 282.8 Gp 
senonian 347.5 151.3 JVP 
unsteady 346.1 195.5 WRR 
tholeiite 345.8 183.6 JPt 
predation 345.8 279.5 Ps 
glacier 345.7 115.7 HP 
plain 345.4 75.7 Ps 
foraminifers 344.6 275.4 JFR 
waterways 344.5 45.4 HP 
logs 343.8 22.2 JPG 
areal 343.7 165.9 CCM 
mediterranean 343.5 177.2 MmG 
thallophytes 343.2 95.9 M 
dispersion 342.9 36.2 JGcE 
deglaciation 342.2 229.0 Po 
bacteria 342.0 195.2 GBC 
martian 341.6 261.1 MPS 
pyrite 341.4 113.3 IJCG 
nitrogen 340.0 95.1 GBC 
reactions 339.9 7.4 JGRD 
molecular 339.6 185.2 OG 
pole 339.4 194.2 Tp 
fossil 339.4 81.9 JVP 
solution 338.8 81.1 AG 
heat 338.7 14.0 JPG 
metasedimentary 338.3 61.5 JMG 
loam 338.1 280.0 SSSAJ 
correlation 338.1 71.5 M 
cross-stratification 337.6 129.0 S 
techniques 337.5 10.1 JGcE 
signals 337.4 204.7 BSSA 
far 336.4 44.7 JVGR 
core 336.2 207.1 PEPI 
bryozoa 336.2 69.5 Ps 
formula 335.6 62.4 EJM 
domain 335.1 265.5 Gp 
implications 334.3 18.4 Po 
america 334.2 46.8 JVP 
noble 334.0 59.3 MPS 
depth 334.0 87.0 GBC 
saturated 333.7 236.6 WRR 
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fauna 332.6 112.3 JVP 
fractured 332.4 112.5 GW 
tuff 331.9 195.6 JVGR 
bone 330.7 143.4 AG&JVP 
pliocene 329.7 77.0 JVP 
mg 329.7 242.1 PCM 
palynology 329.5 160.8 M 
ll 329.2 221.0 MPS 
cartography 328.5 38.3 EEG 
stabilization 328.0 98.7 QJEG 
remanent 328.0 68.9 PEPI 
name 327.7 261.4 JP 
biozones 326.5 65.3 Ps 
antarctic 326.5 135.7 Po 
formations 325.2 209.3 AAPGB 
paleosalinity 324.5 36.3 Po 
deposition 324.4 144.9 SG 
nigeria 324.3 127.9 JPG 
preparation 323.6 126.7 CG 
storms 323.6 21.7 JGRD 
shorelines 323.4 237.4 MmG 
shells 323.3 113.5 Ps 
teleseismic 322.8 217.1 BSSA 
imbricate 322.4 173.0 Tt 
active 322.3 21.4 EEG 
reflectance 322.0 141.3 JPG 
interactive 322.0 291.0 CoG 
cosmic 321.9 48.4 MPS 
longshore 321.9 183.4 JGRC 
prediction 321.9 14.8 JGRD 
loading 321.8 178.7 EnG 
alloys 321.2 289.4 MPS 
magnetotelluric 321.0 104.3 PEPI 
andreas 320.4 92.0 Tt 
extinction 319.4 196.2 Ps 
acceleration 319.2 310.9 BSSA 
accelerograms 319.2 314.0 BSSA 
fractures 318.6 67.3 JSG 
rheology 317.7 25.8 JGRE 
bituminous 317.1 233.5 IJCG 
basement 315.9 79.1 JPG 
possibilities 315.7 162.3 JPG 
exhumation 315.4 235.0 Tt 
vertical 315.0 206.7 Gp 
gravel 314.9 92.1 ESPL 
ash 314.8 55.3 IJCG 
quartz 314.7 21.7 JMG 
Name Global Max Class 
thermal 314.0 43.5 JVGR 
nov 313.8 212.0 JVP 
ontogeny 313.8 50.9 JVP 
growth 313.8 16.2 JMG 
epithermal 313.6 123.0 MD 
phosphorus 312.9 27.8 HP 
san 312.8 17.6 EEG 
hydrogeologic 312.8 266.3 GW 
thickness 312.7 19.0 JGRE 
partial 311.6 78.6 JPt 
positions 311.6 189.5 Tp 
plasma 311.1 113.2 CG 
lists 311.0 283.2 AAPGB 
arrays 310.4 187.3 BSSA 
site 310.2 100.6 Po 
manganese 310.0 62.5 MD 
pegmatite 309.9 158.9 CM 
echinozoa 309.7 109.4 Ps 
tropical 309.5 139.7 JGRD 
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 AAPGB JPG JSR S SG PPP Ps IJCG OG GBC JGRC MmG JGRD Po BSSA PEPI JGRB 
AAPGB 1374 1 2 4 0 1 0 0 0 0 1 2 0 0 1 0 0 
JPG 0 96 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 
JSR 8 0 1087 7 3 0 0 1 0 0 0 4 0 0 0 0 0 
S 1 0 6 418 0 1 0 0 0 0 0 0 0 0 0 0 0 
SG 2 0 1 1 347 0 0 0 0 0 0 1 0 1 0 0 0 
PPP 1 0 1 2 1 447 0 0 0 0 0 4 0 0 0 1 0 
Ps 0 0 3 0 0 1 141 0 0 0 0 0 0 1 0 0 0 
IJCG 1 0 0 0 0 0 0 93 0 0 0 0 0 0 0 0 0 
OG 0 0 0 0 0 0 0 0 235 0 0 0 0 0 0 0 0 
GBC 0 0 0 0 0 0 0 0 0 59 0 1 0 0 0 0 0 
JGRC 0 0 0 0 0 0 0 0 0 0 153 2 1 0 0 0 0 
MmG 3 0 2 0 0 2 0 0 0 1 2 606 0 0 0 0 0 
JGRD 0 0 0 0 0 0 0 0 0 0 0 0 71 0 0 0 0 
Po 0 0 0 0 0 0 0 0 0 0 0 1 0 159 0 0 0 
BSSA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1147 2 7 
PEPI 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 457 6 
JGRB 2 0 0 0 0 0 0 0 0 0 1 2 0 0 4 4 1621 
JGR 0 0 0 0 0 0 0 0 0 0 1 1 0 0 4 1 1 
JSG 3 15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
Tp 0 0 0 0 1 0 0 0 0 0 0 1 0 0 4 0 7 
Tt 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 
EEG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gp 1 0 0 0 0 0 0 0 0 0 0 0 0 0 3 2 0 
EnG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
QJEG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ESPL 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
HP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JH 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
WRR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
GW 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gd 0 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 0 
SSSAJ 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AG 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
CG 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
GCA 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 
CMP 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JPt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JMG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BV 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
JVGR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
AM 1 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 
CM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EJM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PCM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
CCM 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
EcG 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGcE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MPS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
CoG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JFR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 
JP 2 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
P 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 
JVP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 
l  . fusion matrix from cross-validation results, (k = 1). 
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 JGR JSG Tp Tt EEG Gp EnG QJEG ESPL HP JH WRR GW Gd SSSAJ AG CG 
AAPGB 0 2 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 
JPG 0 16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JSR 1 0 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 
S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
SG 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 
PPP 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Ps 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IJCG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
OG 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 
GBC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MmG 2 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRD 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
Po 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BSSA 3 0 2 0 0 3 0 0 0 0 0 0 0 0 0 0 0 
PEPI 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
JGRB 8 3 8 5 0 2 1 0 1 0 0 4 0 0 0 0 2 
JGR 1374 0 3 0 0 3 0 0 1 0 1 2 1 0 0 0 0 
JSG 0 450 5 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tp 2 4 916 4 0 0 0 1 0 0 0 1 0 0 0 0 0 
Tt 1 0 4 264 0 0 0 0 0 0 0 0 0 0 0 0 0 
EEG 0 0 0 0 56 0 0 0 0 0 1 0 0 0 0 0 0 
Gp 2 0 0 0 0 1233 0 1 0 0 0 0 0 0 0 0 0 
EnG 1 0 2 0 1 0 255 4 1 0 0 1 1 0 0 0 1 
QJEG 0 0 0 0 0 0 1 144 0 0 0 0 1 0 0 1 0 
ESPL 0 0 0 0 0 0 1 0 230 0 0 1 0 0 0 0 0 
HP 0 0 0 0 0 0 0 0 0 87 2 1 0 0 0 0 0 
JH 0 0 0 0 0 0 0 1 0 1 1031 4 3 0 1 1 0 
WRR 0 0 0 0 0 1 0 1 1 4 7 1045 0 1 0 0 1 
GW 0 0 0 0 0 0 0 3 0 0 3 4 491 0 0 0 1 
Gd 0 0 0 0 0 0 0 0 0 0 2 1 0 374 5 0 0 
SSSAJ 0 0 0 0 0 0 1 0 0 1 0 2 0 5 559 0 0 
AG 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 200 0 
CG 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 595 
GCA 5 0 1 0 0 0 0 0 0 0 0 0 1 1 1 0 7 
CMP 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
JPt 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
JMG 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
BV 2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
JVGR 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AM 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
CM 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MM 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
EJM 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PCM 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
CCM 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2 0 0 
EcG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
MD 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
JGcE 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
MPS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRE 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
CoG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MG 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
JFR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JVP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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 GCA CMP L JPt JMG BV JVGR AM CM MM EJM PCM CCM EcG MD JGcE MPS 
AAPGB 1 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
JPG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JSR 0 1 0 0 0 0 0 0 0 2 0 0 2 1 0 0 0 
S 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
SG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
PPP 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ps 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IJCG 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
OG 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
GBC 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRC 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MmG 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JGRD 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Po 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
BSSA 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 
PEPI 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
JGRB 1 0 0 0 0 0 1 1 0 0 0 2 0 0 0 0 1 
JGR 2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
JSG 0 1 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 
Tp 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
Tt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
EEG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gp 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
EnG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
QJEG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ESPL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JH 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
WRR 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
GW 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Gd 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
SSSAJ 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 
AG 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
CG 9 4 0 1 0 0 0 2 0 0 0 0 0 1 0 1 0 
GCA 1881 4 1 3 1 0 1 6 1 2 1 2 1 4 1 0 2 
CMP 5 867 0 3 3 1 0 6 0 2 1 0 0 1 1 0 0 
L 1 2 184 1 1 0 1 3 0 0 0 0 0 0 0 0 0 
JPt 0 1 2 279 2 0 0 2 0 1 1 0 0 1 0 0 0 
JMG 1 0 0 1 156 0 0 0 0 0 0 0 0 0 0 0 0 
BV 0 0 0 0 0 297 3 1 0 0 0 0 0 0 0 0 0 
JVGR 1 1 0 3 0 4 292 0 0 1 0 0 0 1 0 0 0 
AM 4 7 1 1 1 0 0 1727 7 1 2 7 1 2 1 0 0 
CM 0 3 1 0 0 0 0 4 444 0 1 1 1 1 0 0 0 
MM 1 4 0 1 2 0 0 13 3 762 2 1 0 2 0 0 0 
EJM 1 1 0 1 2 0 0 5 1 2 195 1 0 0 0 0 0 
PCM 1 0 0 0 0 0 0 4 0 4 1 311 1 0 0 0 0 
CCM 0 0 0 0 0 0 0 3 0 0 0 0 475 0 0 0 0 
EcG 1 1 0 0 0 0 0 3 3 0 0 0 0 1282 2 0 0 
MD 0 0 0 0 0 0 0 0 0 0 0 0 0 2 285 0 0 
JGcE 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 147 0 
MPS 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 96 
JGRE 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
CoG 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
MG 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
JFR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
JP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JVP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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 JGRE CoG MG JFR M JP P JVP 
AAPGB 0 0 0 0 0 1 0 0 
JPG 0 0 0 0 0 0 0 0 
JSR 0 0 0 0 1 2 0 0 
S 0 0 0 0 0 0 0 0 
SG 0 0 0 0 0 0 0 0 
PPP 0 0 0 2 0 2 0 1 
Ps 0 0 0 0 1 4 1 1 
IJCG 0 0 0 0 0 0 0 0 
OG 0 0 0 0 0 0 0 0 
GBC 0 0 0 0 0 0 0 0 
JGRC 0 0 0 0 0 0 0 0 
MmG 0 2 0 0 2 0 0 0 
JGRD 0 0 0 0 0 0 0 0 
Po 0 0 0 0 0 0 0 0 
BSSA 0 0 0 0 0 0 0 0 
PEPI 0 0 0 0 0 0 0 0 
JGRB 0 0 0 0 0 0 0 0 
JGR 0 0 0 0 0 0 1 0 
JSG 0 0 0 0 0 0 0 0 
Tp 0 0 0 0 0 0 0 0 
Tt 0 0 0 0 0 0 0 0 
EEG 0 0 0 0 0 0 0 0 
Gp 0 0 0 0 0 0 0 0 
EnG 0 0 0 0 0 0 0 0 
QJEG 0 0 0 0 0 0 1 0 
ESPL 0 0 0 0 0 0 0 0 
HP 0 0 0 0 0 0 0 0 
JH 0 1 1 0 0 0 0 0 
WRR 0 0 1 0 0 0 0 0 
GW 0 2 0 0 0 0 0 0 
Gd 0 1 0 0 0 0 0 0 
SSSAJ 0 0 0 0 0 0 0 0 
AG 0 0 0 0 0 0 0 0 
CG 0 0 0 0 0 0 1 0 
GCA 0 0 0 0 0 0 0 0 
CMP 0 0 0 0 0 0 0 0 
L 0 0 0 0 0 0 0 0 
JPt 0 0 0 0 0 0 0 0 
JMG 0 0 0 0 0 0 0 0 
BV 0 0 0 0 0 0 0 0 
JVGR 0 0 0 0 0 0 0 0 
AM 0 0 1 0 0 0 0 0 
CM 0 0 0 0 0 0 0 0 
MM 0 0 0 0 0 1 0 0 
EJM 0 0 0 0 0 0 0 0 
PCM 0 0 0 0 0 0 0 0 
CCM 0 0 0 0 0 0 0 0 
EcG 0 0 0 0 0 0 0 0 
MD 0 0 0 0 0 0 0 0 
JGcE 0 0 0 0 0 0 0 0 
MPS 0 0 0 0 0 0 0 0 
JGRE 111 0 0 0 1 0 0 0 
CoG 0 277 1 0 0 0 0 0 
MG 0 1 240 0 0 1 0 0 
JFR 0 0 0 145 4 1 0 0 
M 0 0 0 2 286 5 0 0 
JP 0 1 0 1 4 1368 7 3 
P 0 0 0 0 0 9 406 1 
JVP 0 0 0 0 0 8 1 193 
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 AAPGB JPG JSR S SG PPP Ps IJCG OG GBC JGRC MmG JGRD Po BSSA PEPI JGRB 
AAPGB 1043 0 79 5 5 5 0 3 10 0 0 27 0 0 5 0 7 
JPG 63 9 4 0 1 0 0 0 2 0 0 1 0 0 0 1 2 
JSR 41 0 764 36 23 3 0 2 0 0 1 57 0 4 1 0 2 
S 15 0 168 114 28 5 0 0 0 0 2 30 0 0 0 0 0 
SG 10 1 103 24 120 7 0 0 0 0 0 29 0 1 0 0 4 
PPP 12 0 20 7 18 174 2 0 0 0 0 21 0 26 0 0 3 
Ps 7 0 13 1 4 10 9 1 1 0 0 7 0 3 0 0 0 
IJCG 2 0 7 0 0 1 0 58 1 0 0 1 0 0 0 0 0 
OG 5 0 0 0 0 0 0 1 142 0 0 2 0 2 0 0 1 
GBC 0 0 0 0 0 1 0 0 0 26 4 1 2 4 0 0 0 
JGRC 0 0 0 1 0 2 0 0 0 2 69 21 0 1 2 0 6 
MmG 6 0 33 4 0 6 0 0 1 0 0 428 0 18 3 0 26 
JGRD 1 0 0 1 0 2 0 0 0 5 4 1 20 5 1 0 1 
Po 1 0 0 1 1 2 0 0 0 1 0 24 0 112 0 1 0 
BSSA 4 0 0 1 0 0 0 0 0 0 0 2 0 0 1015 7 61 
PEPI 3 0 0 0 0 1 0 0 0 0 0 2 0 0 76 108 130 
JGRB 11 0 8 3 1 6 0 1 0 0 1 8 0 1 143 25 1069 
JGR 7 0 11 3 0 3 0 0 0 0 3 19 1 1 103 14 99 
JSG 73 2 15 1 1 1 0 0 4 0 0 2 0 0 3 0 26 
Tp 9 0 5 2 3 1 0 0 0 0 0 6 0 0 64 4 173 
Tt 4 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 87 
EEG 2 0 2 1 0 1 0 0 0 0 0 0 0 0 6 0 2 
Gp 30 0 2 0 0 0 0 0 0 0 0 4 0 0 29 2 6 
EnG 4 0 2 0 0 1 0 0 0 0 0 1 0 0 19 0 16 
QJEG 0 0 4 0 2 0 0 0 1 0 0 0 0 0 2 0 3 
ESPL 1 0 17 10 3 6 0 0 0 0 1 14 0 0 1 0 1 
HP 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
JH 3 0 3 1 0 1 0 0 0 0 0 0 0 0 1 0 0 
WRR 1 0 6 3 0 0 0 0 0 0 1 0 0 0 1 0 4 
GW 3 0 3 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
Gd 1 0 4 0 0 1 0 0 0 0 0 1 0 0 1 0 1 
SSSAJ 0 0 1 0 0 1 0 0 1 1 0 0 0 0 1 0 0 
AG 7 0 2 0 0 0 0 0 5 0 0 1 0 0 0 0 0 
CG 12 0 14 5 1 4 0 1 9 0 0 8 0 2 0 0 7 
GCA 14 0 9 5 2 3 0 3 12 0 1 9 0 8 2 0 17 
CMP 0 0 7 1 0 0 0 0 0 0 0 0 0 0 0 0 14 
L 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 3 
JPt 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 5 
JMG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
BV 1 0 1 0 0 2 0 0 0 0 0 2 0 0 2 0 17 
JVGR 3 0 2 0 0 0 0 0 0 0 0 1 0 0 2 1 27 
AM 3 0 15 0 0 0 0 0 1 0 0 3 0 0 0 4 4 
CM 1 0 4 0 0 0 0 0 0 0 0 2 0 0 0 0 3 
MM 2 0 9 0 0 0 0 0 0 0 0 1 0 0 0 0 4 
EJM 0 0 1 0 2 0 0 1 0 0 0 0 0 0 0 0 0 
PCM 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 2 8 
CCM 2 0 4 0 2 0 0 0 0 0 0 1 0 0 0 0 0 
EcG 27 0 14 0 1 0 0 3 0 0 0 0 0 0 1 0 4 
MD 1 0 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
JGcE 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MPS 2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
JGRE 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 17 
CoG 2 0 2 0 0 0 0 0 0 0 0 2 0 1 2 1 0 
MG 8 0 12 0 2 0 0 0 1 0 0 3 0 0 2 1 2 
JFR 0 0 0 0 0 1 0 0 0 0 0 1 0 6 0 0 0 
M 2 0 6 0 0 1 0 0 0 0 0 2 0 3 0 0 0 
JP 4 0 17 0 0 2 1 1 0 0 0 1 0 0 0 0 0 
P 0 0 1 0 0 2 0 0 0 0 0 0 0 1 0 0 0 
JVP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 
l  . fusion matrix from cross-validation results, (k = 20). 
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 JGR JSG Tp Tt EEG Gp EnG QJE ESPL HP JH WRR GW Gd SSSA AG CG 
AAPGB 10 4 16 0 0 26 0 0 0 0 2 1 2 3 1 0 1 
JPG 1 8 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 
JSR 4 1 0 0 0 3 0 1 4 0 2 8 0 1 1 0 4 
S 0 1 2 0 0 0 2 0 4 0 3 6 0 0 0 0 0 
SG 2 2 3 0 0 0 1 0 2 0 1 4 0 3 0 0 2 
PPP 5 2 5 0 0 1 0 0 2 0 2 0 0 2 1 0 2 
Ps 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
IJCG 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
OG 0 0 0 0 0 0 0 0 0 0 0 0 0 11 2 0 2 
GBC 0 0 0 0 0 0 0 0 0 0 2 0 0 0 1 0 0 
JGRC 9 0 0 0 0 5 0 0 0 0 7 5 0 0 0 0 0 
MmG 12 0 9 0 0 3 2 0 1 0 0 0 0 4 0 0 2 
JGRD 3 0 0 0 0 0 0 0 0 0 7 1 0 1 1 0 0 
Po 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
BSSA 20 0 8 0 0 35 1 1 0 0 2 0 0 0 0 0 0 
PEPI 34 1 29 1 0 24 1 0 0 0 0 1 0 0 0 0 1 
JGRB 22 8 81 8 0 78 2 0 1 0 3 18 0 0 1 0 6 
JGR 855 0 22 0 0 51 2 0 1 0 4 9 4 1 1 0 3 
JSG 2 247 48 8 0 6 0 0 0 0 0 2 0 0 0 0 0 
Tp 18 54 496 10 0 13 0 0 0 0 0 0 0 0 0 0 4 
Tt 0 19 65 77 0 1 0 0 0 0 0 1 0 0 0 0 0 
EEG 0 0 0 0 5 2 14 2 0 0 2 3 6 0 3 0 0 
Gp 21 0 3 0 0 1119 0 2 0 0 1 2 1 1 0 0 0 
EnG 2 0 5 0 0 5 144 17 0 0 11 9 4 3 1 1 1 
QJEG 1 0 0 0 0 8 21 69 0 0 8 2 7 0 0 0 0 
ESPL 1 0 0 0 0 4 8 7 59 0 34 26 0 4 12 0 0 
HP 0 0 0 0 0 2 0 0 0 0 50 18 4 3 3 0 1 
JH 3 0 1 0 0 7 1 4 0 0 762 166 54 5 10 0 1 
WRR 1 0 1 0 0 3 3 0 2 0 175 782 49 1 9 1 1 
GW 1 0 0 0 0 6 0 0 0 0 43 79 349 0 1 1 1 
Gd 1 0 1 0 0 1 3 0 1 0 14 17 1 225 51 0 3 
SSSAJ 3 0 0 0 0 3 1 0 0 0 14 61 1 29 391 0 4 
AG 1 0 1 0 0 0 0 0 0 0 13 8 14 2 2 35 4 
CG 1 1 5 0 0 0 1 0 0 0 16 3 4 4 1 1 142 
GCA 16 1 2 0 0 0 2 0 0 0 18 5 6 11 6 0 16 
CMP 4 1 10 0 0 0 0 0 0 0 0 0 0 0 0 0 10 
L 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 4 
JPt 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 6 
JMG 0 3 7 2 0 0 0 0 0 0 0 1 0 0 0 0 0 
BV 9 0 1 0 0 3 0 0 1 0 0 2 0 0 0 0 0 
JVGR 1 0 3 0 0 7 0 0 0 0 4 1 1 1 0 0 3 
AM 4 0 0 0 0 2 1 0 0 0 0 0 0 2 0 1 6 
CM 1 0 0 0 0 1 1 0 0 0 0 2 0 0 0 0 3 
MM 2 0 1 0 0 0 0 0 0 0 0 0 0 1 0 1 3 
EJM 0 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
PCM 2 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 
CCM 0 0 0 0 0 0 4 0 0 0 0 0 0 3 6 0 0 
EcG 3 0 3 0 0 9 1 0 0 0 1 3 9 2 1 0 4 
MD 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 
JGcE 0 0 0 0 0 2 0 0 0 0 0 1 0 1 1 1 5 
MPS 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
JGRE 15 0 1 0 0 3 0 0 0 0 9 4 0 0 0 0 0 
CoG 0 0 0 0 0 13 0 0 0 0 0 5 3 0 0 0 0 
MG 1 0 1 0 0 7 1 0 0 0 4 11 0 1 0 0 0 
JFR 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
M 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JP 0 0 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 
P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
JVP 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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 JGRE CoG MG JFR M JP P JVP 
AAPGB 0 1 1 3 4 56 1 0 
JPG 0 1 1 1 1 3 0 0 
JSR 0 1 4 2 3 25 3 1 
S 0 2 0 0 3 7 2 0 
SG 0 0 0 0 3 3 3 0 
PPP 0 2 0 10 28 61 28 7 
Ps 0 1 0 2 13 73 2 3 
IJCG 0 0 0 0 0 0 0 0 
OG 0 1 0 0 1 0 1 0 
GBC 0 0 0 0 0 0 0 0 
JGRC 0 0 0 0 0 0 0 0 
MmG 0 2 0 2 3 4 1 0 
JGRD 0 0 0 0 0 2 0 0 
Po 0 1 0 2 4 2 0 0 
BSSA 0 3 0 0 0 0 0 0 
PEPI 0 1 0 0 1 1 1 0 
JGRB 5 5 4 0 2 1 1 0 
JGR 0 1 3 0 0 4 0 0 
JSG 0 2 1 0 1 2 2 0 
Tp 0 3 1 0 0 5 1 0 
Tt 0 0 0 0 1 3 0 0 
EEG 0 2 0 0 0 1 0 0 
Gp 0 4 0 0 0 2 0 0 
EnG 0 2 1 0 0 2 0 0 
QJEG 0 1 1 0 0 0 5 0 
ESPL 0 6 0 0 0 1 1 0 
HP 0 1 0 0 0 0 1 0 
JH 0 1 2 0 0 0 0 0 
WRR 0 2 3 0 0 2 0 0 
GW 0 6 1 0 0 1 0 0 
Gd 0 2 2 1 0 1 0 0 
SSSAJ 0 4 1 0 0 0 0 0 
AG 0 0 1 0 0 1 0 3 
CG 0 0 1 0 0 2 3 0 
GCA 0 0 2 2 0 7 1 0 
CMP 0 3 0 0 0 0 0 0 
L 0 0 0 0 0 0 0 0 
JPt 0 0 0 0 0 0 0 0 
JMG 0 2 0 0 0 0 0 0 
BV 0 0 0 0 0 1 1 0 
JVGR 0 2 1 0 0 0 0 0 
AM 0 7 2 0 0 3 0 0 
CM 0 2 0 0 0 1 0 0 
MM 0 5 0 0 0 2 2 0 
EJM 0 0 0 0 0 1 1 0 
PCM 0 0 0 0 0 0 0 0 
CCM 0 0 0 0 0 0 0 0 
EcG 0 0 2 0 0 2 0 0 
MD 0 0 0 0 0 2 0 0 
JGcE 0 2 0 0 0 1 1 0 
MPS 2 1 0 0 1 0 0 0 
JGRE 30 1 0 0 0 0 0 0 
CoG 0 235 7 0 0 1 0 0 
MG 0 9 151 0 1 2 0 0 
JFR 0 0 0 99 29 13 0 0 
M 0 0 1 18 142 101 17 0 
JP 0 3 2 15 28 1232 43 30 
P 0 1 0 2 11 156 219 20 
JVP 0 0 0 0 0 59 7 135 
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 AAPGB AM AG BSSA BV CJES CM ChG CCM CpG 
AM 0.0000          
AG 0.0054 0.0096         
BSSA 0.0006 0.0000 0.0000        
BV 0.0000 0.0082 0.0025 0.0026       
CJES 0.0044 0.0024 0.0035 0.0007 0.0018      
CM 0.0000 0.0783 0.0060 0.0000 0.0010 0.0252     
ChG 0.0007 0.0361 0.0405 0.0000 0.0053 0.0134 0.0189    
CCM 0.0018 0.0441 0.0167 0.0000 0.0000 0.0000 0.0166 0.0098   
CpG 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000  
CMP 0.0000 0.0744 0.0000 0.0000 0.0151 0.0150 0.0391 0.0641 0.0034 0.0000 
ESPL 0.0006 0.0000 0.0026 0.0000 0.0000 0.0043 0.0000 0.0011 0.0000 0.0000 
EcG 0.0032 0.0098 0.0077 0.0000 0.0010 0.0258 0.0451 0.0244 0.0026 0.0000 
EnG 0.0027 0.0000 0.0038 0.0169 0.0021 0.0000 0.0000 0.0000 0.0061 0.0000 
EEG 0.0000 0.0000 0.0008 0.0024 0.0013 0.0000 0.0000 0.0003 0.0000 0.0000 
EJM 0.0000 0.1048 0.0027 0.0000 0.0024 0.0000 0.0772 0.0178 0.0285 0.0000 
GCA 0.0005 0.0735 0.0522 0.0000 0.0036 0.0097 0.0200 0.1457 0.0208 0.0000 
Gd 0.0000 0.0000 0.0147 0.0000 0.0000 0.0000 0.0000 0.0064 0.0175 0.0000 
GM 0.0033 0.0037 0.0000 0.0000 0.0050 0.0139 0.0000 0.0108 0.0000 0.0000 
GSAB 0.0158 0.0061 0.0000 0.0150 0.0169 0.0501 0.0047 0.0207 0.0016 0.0000 
G 0.0193 0.0162 0.0072 0.0187 0.0197 0.0373 0.0115 0.0583 0.0000 0.0000 
GJI 0.0009 0.0018 0.0000 0.1125 0.0067 0.0066 0.0000 0.0035 0.0000 0.0010 
Gp 0.0113 0.0000 0.0000 0.0222 0.0000 0.0049 0.0000 0.0000 0.0000 0.0026 
GBC 0.0000 0.0000 0.0036 0.0000 0.0000 0.0019 0.0000 0.0092 0.0000 0.0000 
GW 0.0008 0.0000 0.0298 0.0000 0.0000 0.0014 0.0000 0.0040 0.0000 0.0016 
HP 0.0000 0.0000 0.0078 0.0000 0.0000 0.0000 0.0000 0.0054 0.0000 0.0000 
IJCG 0.0125 0.0000 0.0102 0.0000 0.0000 0.0013 0.0009 0.0018 0.0000 0.0000 
JFR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006 0.0000 0.0000 0.0000 0.0000 
JGE 0.0081 0.0017 0.0582 0.0000 0.0000 0.0020 0.0086 0.0159 0.0077 0.0000 
JG 0.0028 0.0066 0.0027 0.0000 0.0069 0.0241 0.0057 0.0198 0.0000 0.0000 
JGRA 0.0000 0.0000 0.0000 0.0000 0.0012 0.0015 0.0000 0.0000 0.0000 0.0000 
JGRO 0.0000 0.0000 0.0000 0.0000 0.0008 0.0000 0.0000 0.0000 0.0000 0.0000 
JGRP 0.0006 0.0071 0.0000 0.0010 0.0134 0.0000 0.0000 0.0007 0.0030 0.0000 
JGRSE 0.0061 0.0214 0.0012 0.1115 0.0320 0.0138 0.0013 0.0237 0.0010 0.0000 
JGRSP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
JH 0.0005 0.0000 0.0209 0.0000 0.0000 0.0000 0.0000 0.0095 0.0000 0.0000 
JMmG 0.0000 0.0485 0.0010 0.0000 0.0000 0.0086 0.0236 0.0227 0.0040 0.0000 
JPl 0.0011 0.0000 0.0000 0.0000 0.0000 0.0294 0.0000 0.0006 0.0000 0.0000 
JPtG 0.0300 0.0000 0.0008 0.0000 0.0000 0.0000 0.0003 0.0001 0.0000 0.0000 
JPt 0.0000 0.0322 0.0000 0.0000 0.0174 0.0116 0.0258 0.0496 0.0000 0.0000 
JSR 0.0510 0.0030 0.0044 0.0000 0.0016 0.0165 0.0000 0.0162 0.0133 0.0000 
JStG 0.0293 0.0109 0.0000 0.0098 0.0044 0.0174 0.0065 0.0071 0.0015 0.0000 
JGSL 0.0060 0.0035 0.0000 0.0009 0.0059 0.0108 0.0020 0.0146 0.0000 0.0000 
JVPl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0356 0.0000 0.0000 0.0000 0.0000 
JVGR 0.0000 0.0168 0.0137 0.0123 0.1630 0.0053 0.0113 0.0288 0.0052 0.0000 
L 0.0003 0.0299 0.0021 0.0000 0.0060 0.0139 0.0246 0.0438 0.0000 0.0000 
MrG 0.0116 0.0000 0.0025 0.0008 0.0036 0.0050 0.0000 0.0083 0.0000 0.0000 
MaG 0.0129 0.0000 0.0023 0.0011 0.0023 0.0013 0.0000 0.0000 0.0000 0.0138 
MPS 0.0000 0.0168 0.0000 0.0000 0.0000 0.0006 0.0000 0.0069 0.0000 0.0000 
Mpl 0.0013 0.0000 0.0000 0.0000 0.0000 0.0020 0.0000 0.0000 0.0000 0.0000 
MD 0.0000 0.0042 0.0086 0.0000 0.0000 0.0093 0.0393 0.0231 0.0086 0.0000 
MM 0.0000 0.0611 0.0166 0.0000 0.0081 0.0068 0.0751 0.0151 0.0141 0.0000 
OG 0.0342 0.0000 0.0395 0.0000 0.0000 0.0000 0.0000 0.0340 0.0000 0.0000 
PPP 0.0077 0.0000 0.0019 0.0000 0.0007 0.0086 0.0000 0.0183 0.0012 0.0000 
Pl 0.0022 0.0000 0.0000 0.0000 0.0000 0.0164 0.0000 0.0000 0.0000 0.0000 
Ps 0.0070 0.0000 0.0000 0.0000 0.0000 0.0462 0.0000 0.0059 0.0000 0.0000 
Po 0.0000 0.0000 0.0000 0.0000 0.0000 0.0073 0.0000 0.0112 0.0000 0.0000 
PCM 0.0000 0.1350 0.0000 0.0000 0.0000 0.0000 0.0143 0.0141 0.0195 0.0000 
PEPI 0.0000 0.0281 0.0000 0.0442 0.0040 0.0021 0.0000 0.0089 0.0000 0.0003 
PR 0.0000 0.0035 0.0002 0.0000 0.0017 0.0310 0.0058 0.0286 0.0000 0.0000 
QJEGH 0.0121 0.0000 0.0454 0.0000 0.0000 0.0000 0.0000 0.0068 0.0000 0.0000 
QR 0.0000 0.0000 0.0000 0.0000 0.0088 0.0124 0.0000 0.0079 0.0000 0.0000 
SdG 0.0190 0.0000 0.0014 0.0000 0.0041 0.0145 0.0000 0.0118 0.0046 0.0000 
Sd 0.0268 0.0000 0.0021 0.0000 0.0090 0.0138 0.0000 0.0098 0.0026 0.0000 
SSSAJ 0.0000 0.0000 0.0178 0.0000 0.0000 0.0000 0.0000 0.0022 0.0568 0.0086 
T 0.0456 0.0121 0.0000 0.0272 0.0000 0.0698 0.0119 0.0171 0.0000 0.0000 
Tp 0.0718 0.0189 0.0000 0.1314 0.0084 0.0705 0.0193 0.0383 0.0000 0.0000 
WWR 0.0059 0.0000 0.0559 0.0000 0.0000 0.0000 0.0000 0.0071 0.0000 0.2928 
 
le . Similarity matrix for citation map. 
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 CMP ESPL EcG EnG EEG EJM GCA Gd GM GSAB 
ESPL 0.0000          
EcG 0.0129 0.0000         
EnG 0.0000 0.0130 0.0000        
EEG 0.0000 0.0009 0.0000 0.0260       
EJM 0.0502 0.0000 0.0090 0.0000 0.0000      
GCA 0.0620 0.0010 0.0229 0.0007 0.0000 0.0211     
Gd 0.0000 0.0129 0.0000 0.0029 0.0008 0.0000 0.0126    
GM 0.0159 0.0000 0.0035 0.0000 0.0000 0.0032 0.0007 0.0000   
GSAB 0.0160 0.0194 0.0104 0.0081 0.0020 0.0000 0.0132 0.0000 0.0176  
G 0.0400 0.0180 0.0236 0.0019 0.0004 0.0097 0.0556 0.0014 0.0224 0.0955 
GJI 0.0018 0.0000 0.0000 0.0040 0.0001 0.0000 0.0000 0.0000 0.0024 0.0139 
Gp 0.0000 0.0000 0.0039 0.0039 0.0037 0.0000 0.0000 0.0000 0.0000 0.0011 
GBC 0.0000 0.0022 0.0000 0.0000 0.0000 0.0000 0.0211 0.0179 0.0000 0.0000 
GW 0.0000 0.0000 0.0000 0.0062 0.0205 0.0000 0.0042 0.0028 0.0000 0.0018 
HP 0.0000 0.0612 0.0000 0.0017 0.0000 0.0000 0.0014 0.0152 0.0000 0.0000 
IJCG 0.0004 0.0000 0.0047 0.0000 0.0000 0.0000 0.0009 0.0013 0.0045 0.0000 
JFR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0038 0.0010 
JGE 0.0029 0.0000 0.0329 0.0000 0.0000 0.0029 0.0129 0.0053 0.0000 0.0000 
JG 0.0266 0.0143 0.0066 0.0029 0.0000 0.0057 0.0122 0.0000 0.0218 0.0526 
JGRA 0.0000 0.0023 0.0000 0.0000 0.0000 0.0000 0.0042 0.0000 0.0000 0.0015 
JGRO 0.0000 0.0018 0.0000 0.0000 0.0000 0.0000 0.0050 0.0000 0.0000 0.0000 
JGRP 0.0017 0.0046 0.0018 0.0000 0.0000 0.0000 0.0198 0.0000 0.0000 0.0088 
JGRSE 0.0289 0.0055 0.0018 0.0054 0.0003 0.0054 0.0247 0.0000 0.0018 0.0425 
JGRSP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000 
JH 0.0000 0.0267 0.0000 0.0024 0.0009 0.0000 0.0111 0.0271 0.0000 0.0030 
JMmG 0.0749 0.0000 0.0064 0.0000 0.0000 0.0430 0.0142 0.0000 0.0152 0.0143 
JPl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0257 0.0083 
JPtG 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0020 0.0007 
JPt 0.1043 0.0000 0.0120 0.0000 0.0000 0.0230 0.0365 0.0000 0.0088 0.0163 
JSR 0.0000 0.0129 0.0047 0.0017 0.0000 0.0016 0.0143 0.0032 0.0105 0.0503 
JStG 0.0176 0.0000 0.0135 0.0079 0.0005 0.0090 0.0014 0.0000 0.0232 0.0487 
JGSL 0.0182 0.0017 0.0047 0.0000 0.0000 0.0032 0.0087 0.0000 0.0425 0.0278 
JVPl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0144 0.0057 
JVGR 0.0369 0.0000 0.0061 0.0019 0.0007 0.0080 0.0211 0.0000 0.0197 0.0299 
L 0.0779 0.0000 0.0152 0.0000 0.0000 0.0314 0.0322 0.0000 0.0132 0.0161 
MrG 0.0000 0.0052 0.0051 0.0015 0.0000 0.0000 0.0143 0.0000 0.0027 0.0233 
MaG 0.0000 0.0019 0.0000 0.0044 0.0000 0.0000 0.0000 0.0539 0.0000 0.0000 
MPS 0.0112 0.0000 0.0035 0.0000 0.0000 0.0080 0.0819 0.0000 0.0059 0.0005 
Mpl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0000 0.0135 0.0033 
MD 0.0142 0.0000 0.1484 0.0000 0.0000 0.0113 0.0188 0.0000 0.0041 0.0053 
MM 0.0306 0.0000 0.0239 0.0000 0.0000 0.0408 0.0136 0.0027 0.0140 0.0023 
OG 0.0000 0.0000 0.0024 0.0000 0.0000 0.0000 0.0684 0.0493 0.0000 0.0000 
PPP 0.0000 0.0022 0.0019 0.0000 0.0000 0.0000 0.0243 0.0036 0.0162 0.0297 
Pl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0005 0.0000 0.0266 0.0012 
Ps 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0058 0.0000 0.0246 0.0242 
Po 0.0000 0.0000 0.0038 0.0000 0.0000 0.0000 0.0286 0.0000 0.0018 0.0124 
PCM 0.0324 0.0000 0.0000 0.0000 0.0000 0.1604 0.0293 0.0000 0.0000 0.0000 
PEPI 0.0172 0.0000 0.0000 0.0000 0.0000 0.0108 0.0065 0.0000 0.0016 0.0011 
PR 0.0286 0.0000 0.0155 0.0000 0.0000 0.0067 0.0214 0.0000 0.0169 0.0266 
QJEGH 0.0000 0.0831 0.0000 0.3279 0.1811 0.0000 0.0010 0.0039 0.0000 0.0000 
QR 0.0000 0.0658 0.0000 0.0000 0.0015 0.0000 0.0066 0.0165 0.0000 0.0251 
SdG 0.0015 0.0178 0.0020 0.0044 0.0000 0.0013 0.0076 0.0000 0.0094 0.0354 
Sd 0.0000 0.0301 0.0019 0.0029 0.0000 0.0000 0.0021 0.0000 0.0106 0.0298 
SSSAJ 0.0000 0.0238 0.0000 0.0046 0.0000 0.0000 0.0089 0.2056 0.0000 0.0000 
T 0.0302 0.0045 0.0217 0.0046 0.0000 0.0152 0.0031 0.0000 0.0752 0.1270 
Tp 0.0608 0.0000 0.0409 0.0696 0.0212 0.0283 0.0156 0.0000 0.1832 0.1221 
WWR 0.0000 0.2016 0.0000 0.0167 0.0317 0.0000 0.0186 0.0961 0.0000 0.0301 
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 G GJI Gp GBC GW HP IJCG JFR JGE JG 
Gp 0.0014 0.0799         
GBC 0.0040 0.0000 0.0000        
GW 0.0007 0.0007 0.0073 0.0000       
HP 0.0013 0.0000 0.0000 0.0143 0.0204      
IJCG 0.0008 0.0000 0.0000 0.0010 0.0000 0.0000     
JFR 0.0021 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000    
JGE 0.0082 0.0009 0.0000 0.0000 0.0034 0.0022 0.0061 0.0000   
JG 0.0428 0.0026 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000  
JGRA 0.0000 0.0012 0.0000 0.0818 0.0000 0.0201 0.0000 0.0000 0.0000 0.0009 
JGRO 0.0048 0.0060 0.0000 0.0799 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
JGRP 0.0178 0.0094 0.0015 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0022 
JGRSE 0.0919 0.1785 0.0261 0.0000 0.0012 0.0000 0.0000 0.0000 0.0006 0.0109 
JGRSP 0.0000 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
JH 0.0058 0.0000 0.0030 0.0108 0.0759 0.1657 0.0000 0.0000 0.0016 0.0000 
JMmG 0.0329 0.0011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0038 0.0263 
JPl 0.0138 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0096 0.0000 0.0073 
JPtG 0.0001 0.0010 0.0032 0.0000 0.0000 0.0000 0.0273 0.0000 0.0000 0.0000 
JPt 0.0388 0.0051 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0034 0.0243 
JSR 0.0469 0.0000 0.0017 0.0000 0.0019 0.0023 0.0082 0.0073 0.0048 0.0283 
JStG 0.0557 0.0194 0.0014 0.0000 0.0000 0.0000 0.0007 0.0000 0.0062 0.0221 
JGSL 0.0401 0.0080 0.0000 0.0000 0.0000 0.0000 0.0045 0.0021 0.0018 0.0213 
JVPl 0.0021 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0068 
JVGR 0.0414 0.0254 0.0033 0.0000 0.0000 0.0000 0.0000 0.0000 0.0026 0.0134 
L 0.0334 0.0062 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0045 0.0235 
MrG 0.0425 0.0061 0.0025 0.0094 0.0000 0.0000 0.0008 0.0117 0.0021 0.0048 
MaG 0.0021 0.0013 0.0041 0.0000 0.0126 0.0027 0.0000 0.0000 0.0023 0.0000 
MPS 0.0202 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0029 
Mpl 0.0032 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1728 0.0000 0.0000 
MD 0.0186 0.0008 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0489 0.0103 
MM 0.0053 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0134 0.0104 
OG 0.0161 0.0000 0.0000 0.0275 0.0000 0.0000 0.0879 0.0000 0.0066 0.0000 
PPP 0.0692 0.0063 0.0000 0.0095 0.0000 0.0000 0.0047 0.0163 0.0012 0.0093 
Pl 0.0029 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ps 0.0590 0.0000 0.0000 0.0000 0.0000 0.0000 0.0111 0.0370 0.0000 0.0240 
Po 0.0410 0.0011 0.0000 0.0472 0.0000 0.0000 0.0000 0.0288 0.0000 0.0061 
PCM 0.0008 0.0014 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
PEPI 0.0122 0.0643 0.0144 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0016 
PR 0.0464 0.0051 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015 0.0506 
QJEGH 0.0000 0.0000 0.0121 0.0000 0.0303 0.0155 0.0083 0.0000 0.0197 0.0000 
QR 0.0319 0.0051 0.0000 0.0296 0.0000 0.0000 0.0000 0.0053 0.0000 0.0000 
SdG 0.0467 0.0020 0.0014 0.0000 0.0016 0.0000 0.0039 0.0030 0.0050 0.0216 
Sd 0.0308 0.0000 0.0000 0.0000 0.0000 0.0000 0.0054 0.0021 0.0082 0.0225 
SSSAJ 0.0000 0.0000 0.0016 0.0302 0.0097 0.0269 0.0027 0.0000 0.0044 0.0000 
T 0.0977 0.0540 0.0044 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1001 
Tp 0.1541 0.1792 0.0470 0.0000 0.0000 0.0000 0.0054 0.0000 0.0110 0.1148 
WWR 0.0213 0.0029 0.0364 0.0478 0.6186 0.3352 0.0000 0.0000 0.0088 0.0094 
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 JGRA JGRO JGRP JGRSE JGRSP JH JMmG JPl JPtG JPt 
JGRO 0.0548          
JGRP 0.0024 0.0000         
JGRSE 0.0034 0.0099 0.0241        
JGRSP 0.0275 0.0000 0.0383 0.0000       
JH 0.0231 0.0000 0.0000 0.0016 0.0000      
JMmG 0.0000 0.0000 0.0008 0.0090 0.0000 0.0000     
JPl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000    
JPtG 0.0000 0.0000 0.0008 0.0002 0.0000 0.0000 0.0000 0.0000   
JPt 0.0000 0.0000 0.0021 0.0280 0.0000 0.0000 0.0390 0.0000 0.0000  
JSR 0.0000 0.0024 0.0000 0.0016 0.0000 0.0000 0.0008 0.0018 0.0090 0.0000 
JStG 0.0000 0.0000 0.0112 0.0395 0.0000 0.0000 0.0488 0.0000 0.0059 0.0119 
JGSL 0.0000 0.0000 0.0012 0.0133 0.0000 0.0000 0.0184 0.0037 0.0024 0.0113 
JVPl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1069 0.0000 0.0000 
JVGR 0.0029 0.0000 0.0121 0.0610 0.0000 0.0000 0.0008 0.0000 0.0000 0.0367 
L 0.0000 0.0000 0.0021 0.0203 0.0000 0.0000 0.0489 0.0000 0.0000 0.0772 
MrG 0.0000 0.0363 0.0000 0.0135 0.0000 0.0004 0.0000 0.0000 0.0000 0.0017 
MaG 0.0008 0.0000 0.0000 0.0046 0.0000 0.0297 0.0000 0.0000 0.0000 0.0000 
MPS 0.0004 0.0000 0.0810 0.0055 0.0042 0.0000 0.0009 0.0000 0.0000 0.0031 
Mpl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0516 0.0000 0.0000 
MD 0.0000 0.0000 0.0000 0.0005 0.0000 0.0000 0.0049 0.0000 0.0000 0.0096 
MM 0.0000 0.0000 0.0000 0.0024 0.0000 0.0000 0.0238 0.0000 0.0000 0.0195 
OG 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0328 0.0000 
PPP 0.0043 0.0125 0.0000 0.0043 0.0000 0.0000 0.0000 0.0214 0.0007 0.0012 
Pl 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1551 0.0031 0.0000 
Ps 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0974 0.0000 0.0000 
Po 0.0086 0.0471 0.0000 0.0011 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
PCM 0.0000 0.0000 0.0000 0.0160 0.0000 0.0000 0.0093 0.0000 0.0000 0.0043 
PEPI 0.0000 0.0000 0.0201 0.0609 0.0000 0.0000 0.0016 0.0000 0.0000 0.0104 
PR 0.0000 0.0000 0.0018 0.0068 0.0000 0.0000 0.0287 0.0030 0.0000 0.0112 
QJEGH 0.0000 0.0000 0.0000 0.0007 0.0000 0.0128 0.0000 0.0000 0.0000 0.0000 
QR 0.0009 0.0138 0.0000 0.0127 0.0000 0.0023 0.0000 0.0000 0.0000 0.0000 
SdG 0.0000 0.0031 0.0015 0.0054 0.0000 0.0000 0.0015 0.0017 0.0041 0.0015 
Sd 0.0023 0.0044 0.0023 0.0009 0.0000 0.0013 0.0000 0.0000 0.0062 0.0000 
SSSAJ 0.0025 0.0000 0.0000 0.0000 0.0106 0.0295 0.0000 0.0000 0.0000 0.0000 
T 0.0000 0.0000 0.1793 0.0382 0.0000 0.0000 0.0760 0.0000 0.0283 0.0184 
Tp 0.0000 0.0020 0.4942 0.0814 0.0000 0.0000 0.1055 0.0000 0.0607 0.0476 
WWR 0.0279 0.0000 0.0452 0.0096 0.1758 0.4293 0.0000 0.0000 0.0000 0.0000 
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 JSR JStG JGSL JVPl JVGR L MrG MaG MPS Mpl 
JStG 0.0058          
JGSL 0.0160 0.0381         
JVPl 0.0000 0.0000 0.0031        
JVGR 0.0029 0.0163 0.0103 0.0000       
L 0.0000 0.0168 0.0140 0.0000 0.0147      
MrG 0.0316 0.0023 0.0040 0.0000 0.0075 0.0000     
MaG 0.0044 0.0202 0.0000 0.0000 0.0014 0.0000 0.0020    
MPS 0.0000 0.0000 0.0011 0.0000 0.0019 0.0027 0.0000 0.0000   
Mpl 0.0036 0.0000 0.0026 0.0052 0.0000 0.0000 0.0062 0.0000 0.0000  
MD 0.0029 0.0161 0.0066 0.0000 0.0076 0.0127 0.0000 0.0000 0.0000 0.0000 
MM 0.0000 0.0123 0.0111 0.0000 0.0128 0.0261 0.0000 0.0000 0.0051 0.0000 
OG 0.0040 0.0000 0.0043 0.0000 0.0000 0.0000 0.0140 0.0000 0.0000 0.0014 
PPP 0.0326 0.0000 0.0137 0.0133 0.0005 0.0000 0.0129 0.0008 0.0003 0.0170 
Pl 0.0023 0.0000 0.0073 0.1629 0.0000 0.0000 0.0000 0.0000 0.0000 0.0206 
Ps 0.0722 0.0000 0.0158 0.0291 0.0000 0.0000 0.0222 0.0000 0.0000 0.0274 
Po 0.0098 0.0000 0.0054 0.0000 0.0000 0.0000 0.0320 0.0000 0.0000 0.0255 
PCM 0.0000 0.0015 0.0000 0.0000 0.0000 0.0067 0.0000 0.0000 0.0065 0.0000 
PEPI 0.0000 0.0050 0.0000 0.0000 0.0183 0.0110 0.0000 0.0000 0.0080 0.0000 
PR 0.0095 0.0141 0.0133 0.0000 0.0056 0.0241 0.0000 0.0000 0.0007 0.0000 
QJEGH 0.0000 0.0022 0.0186 0.0000 0.0000 0.0000 0.0000 0.0107 0.0000 0.0000 
QR 0.0205 0.0000 0.0011 0.0000 0.0061 0.0000 0.0052 0.0014 0.0000 0.0000 
SdG 0.2033 0.0083 0.0160 0.0000 0.0034 0.0021 0.0290 0.0075 0.0003 0.0030 
Sd 0.1312 0.0016 0.0157 0.0000 0.0034 0.0000 0.0399 0.0022 0.0000 0.0071 
SSSAJ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0084 0.0000 0.0000 
T 0.0124 0.1242 0.0623 0.0000 0.0170 0.0281 0.0179 0.0000 0.0000 0.0000 
Tp 0.0243 0.2280 0.0997 0.0000 0.0567 0.0683 0.0466 0.0042 0.0252 0.0084 
WWR 0.0091 0.0074 0.0000 0.0000 0.0000 0.0000 0.0000 0.3240 0.0000 0.0000 
 
Table 10 (Continued) 
 MD MM OG PPP Pl Ps Po PCM PEPI PR 
MM 0.0267          
OG 0.0013 0.0000         
PPP 0.0000 0.0000 0.0258        
Pl 0.0000 0.0000 0.0000 0.0166       
Ps 0.0000 0.0000 0.0021 0.1079 0.0910      
Po 0.0000 0.0000 0.0244 0.0557 0.0000 0.0144     
PCM 0.0000 0.0337 0.0000 0.0000 0.0000 0.0000 0.0000    
PEPI 0.0000 0.0046 0.0000 0.0000 0.0000 0.0000 0.0000 0.0581   
PR 0.0085 0.0043 0.0002 0.0006 0.0000 0.0063 0.0000 0.0000 0.0010  
QJEGH 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
QR 0.0000 0.0000 0.0129 0.0528 0.0000 0.0045 0.0209 0.0000 0.0000 0.0000 
SdG 0.0014 0.0000 0.0038 0.0242 0.0032 0.0598 0.0070 0.0000 0.0000 0.0048 
Sd 0.0017 0.0000 0.0000 0.0256 0.0052 0.0779 0.0088 0.0000 0.0000 0.0063 
SSSAJ 0.0000 0.0000 0.0272 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
T 0.0264 0.0056 0.0000 0.0042 0.0000 0.0000 0.0000 0.0000 0.0186 0.0359 
Tp 0.0648 0.0241 0.0000 0.0207 0.0000 0.0000 0.0000 0.0046 0.0994 0.0701 
WWR 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 
Table 10 continued. 
 QJEGH QR SdG Sd SSSAJ T Tp 
QR 0.0000       
SdG 0.0046 0.0047      
Sd 0.0000 0.0240 0.1312     
SSSAJ 0.0000 0.0000 0.0000 0.0000    
T 0.0000 0.0000 0.0117 0.0027 0.0000   
Tp 0.0000 0.0047 0.0140 0.0047 0.0000 0.1000  
WWR 0.0029 0.0000 0.0048 0.0025 0.0650 0.0000 0.0000 
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Code Source 
1945-39 MONEYMAKER, BC; RHOADES, R. 1945. DEEP SOLUTION CHANNEL IN WESTERN 
KENTUCKY. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (1): 39-&. 
1945-247 SHAND, SJ. 1945. CORONAS AND CORONITES. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 56 (3): 247-&. 
1945-389 CROSBY, IB. 1945. GLACIAL EROSION AND THE BURIED WYOMING VALLEY OF 
PENNSYLVANIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (4): 389-400. 
1945-431 EMERY, KO; SHEPARD, FP. 1945. LITHOLOGY OF THE SEA FLOOR OFF SOUTHERN 
CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (4): 431-449. 
1945-737 ALLING, HL. 1945. USE OF MICROLITHOLOGIES AS ILLUSTRATED BY SOME NEW-YORK 
SEDIMENTARY ROCKS. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (7): 737-755. 
1945-783 STEARNS, HT. 1945. DECADENT CORAL REEF ON ENIWETOK ISLAND, MARSHALL GROUP. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (8): 783-788. 
1945-819 GLOCKZIN, AR; ROY, CJ. 1945. STRUCTURE OF THE RED CREEK AREA, FREMONT COUNTY, 
COLORADO. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 56 (8): 819-&. 
1945-893 ROTH, R. 1945. PERMIAN PEASE RIVER GROUP OF TEXAS. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 56 (10): 893-&. 
1945-909 ANDERSON, FM. 1945. KNOXVILLE SERIES IN THE CALIFORNIA MESOZOIC. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 56 (10): 909-&. 
1945-1071 STEARNS, HT. 1945. EUSTATIC SHORE LINES IN THE PACIFIC. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 56 (11): 1071-1077. 
1950-27 RUSSELL, LS. 1950. CORRELATION OF THE CRETACEOUS-TERTIARY TRANSITION IN 
SASKATCHEWAN AND ALBERTA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 61 (1): 27-
42. 
1950-123 WARREN, HV; DELAVAULT, RE. 1950. GOLD AND SILVER CONTENT OF SOME TREES AND 
HORSETAILS IN BRITISH-COLUMBIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 61 (2): 
123-128. 
1950-129 MUENCH, OB. 1950. RECENT ANALYSES FOR AGE BY LEAD RATIOS. GEOLOGICAL SOCIETY 
OF AMERICA BULLETIN 61 (2): 129-132. 
1950-449 FREEDMAN, J. 1950. STRATIGRAPHY AND STRUCTURE OF THE MT PAWTUCKAWAY 
QUADRANGLE, SOUTHEASTERN NEW-HAMPSHIRE. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 61 (5): 449-&. 
1950-759 OLIPHANT, CW. 1950. COMPARISON OF FIELD AND LABORATORY MEASUREMENTS OF 
SEISMIC VELOCITIES IN SEDIMENTARY ROCK. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 61 (7): 759-&. 
1950-789 BRETZ, JH. 1950. ORIGIN OF THE FILLED SINK-STRUCTURES AND CIRCLE DEPOSITS OF 
MISSOURI. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 61 (8): 789-&. 
1950-835 HURLEY, PM; THOMPSON, JB. 1950. AIRBORNE MAGNETOMETER AND GEOLOGICAL 
RECONNAISSANCE SURVEY IN NORTHWESTERN MAINE. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 61 (8): 835-&. 
1950-1217 LESTER, JG; ALLEN, AT. 1950. DIABASE OF THE GEORGIA PIEDMONT. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 61 (11): 1217-&. 
1950-1265 AGRON, SL. 1950. STRUCTURE AND PETROLOGY OF THE PEACH BOTTOM SLATE, 
PENNSYLVANIA AND MARYLAND, AND ITS ENVIRONMENT. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 61 (11): 1265-&. 
1950-1347 GWYNNE, CS. 1950. TERRACED HIGHWAY SIDE SLOPES IN LOESS, SOUTHWESTERN IOWA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 61 (12): 1347-&. 
1955-9 COMPTON, RR. 1955. TRONDHJEMITE BATHOLITH NEAR BIDWELL BAR, CALIFORNIA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 (1): 9-&. 
. Articles in the corpus for the investigation of rhetoric in geological journal articles. The 
articles are referred to by their codes in these Appendices. 
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1955-177 YOUNG, RG. 1955. SEDIMENTARY FACIES AND INTERTONGUING IN THE UPPER 
CRETACEOUS OF THE BOOK CLIFFS, UTAH-COLORADO. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 66 (2): 177-&. 
1955-427 ROSS, CS. 1955. PROVENIENCE OF PYROCLASTIC MATERIALS. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 66 (4): 427-&. 
1955-731 FOSTER, HL; MASON, AC. 1955. 1950 AND 1951 ERUPTIONS OF MIHARA YAMA, O-SHIMA 
VOLCANO, JAPAN. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 (6): 731-&. 
1955-789 KELLEY, VC. 1955. MONOCLINES OF THE COLORADO PLATEAU. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 66 (7): 789-803. 
1955-913 HANDIN, J; FAIRBAIRN, HW. 1955. EXPERIMENTAL DEFORMATION OF HASMARK 
DOLOMITE. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 
1955-913 OLIVER, JE; EWING, M; PRESS, F. 1955. CRUSTAL STRUCTURE AND SURFACE-WAVE 
DISPERSION .4. ATLANTIC AND PACIFIC OCEAN BASINS. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 66 (7): 913-946. 
1955-1075 CURRAY, JR; GRIFFITHS, JC. 1955. SPHERICITY AND ROUNDNESS OF QUARTZ GRAINS IN 
SEDIMENTS. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 (9): 1075-1095. 
1955-1109 WHITE, DE. 1955. VIOLENT MUD-VOLCANO ERUPTION OF LAKE CITY HOT SPRINGS, 
NORTHEASTERN CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 (9): 1109-
&. 
1955-1489 SHEPARD, FP. 1955. DELTA-FRONT VALLEYS BORDERING THE MISSISSIPPI 
DISTRIBUTARIES. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 66 (12): 1489-&. 
1960-145 WALKER, TR. 1960. CARBONATE REPLACEMENT OF DETRITAL CRYSTALLINE SILICATE 
MINERALS AS A SOURCE OF AUTHIGENIC SILICA IN SEDIMENTARY ROCKS. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 
1960-181 KUPFER, DH. 1960. THRUST FAULTING AND CHAOS STRUCTURE, SILURIAN HILLS, SAN-
BERNARDINO COUNTY, CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 (2): 
181-&. 
1960-303 MACKENZIE, DB. 1960. HIGH-TEMPERATURE ALPINE-TYPE PERIDOTITE FROM VENEZUELA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 (3): 
1960-1067 SHIPEK, CJ. 1960. PHOTOGRAPHIC STUDY OF SOME DEEP-SEA FLOOR ENVIRONMENTS IN 
THE EASTERN PACIFIC. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 (7): 1067-&. 
1960-1189 REGNIER, J. 1960. CENOZOIC GEOLOGY IN THE VICINITY OF CARLIN, NEVADA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 (8): 1189-&. 
1960-1211 TUTTLE, SD. 1960. EVOLUTION OF THE NEW-HAMPSHIRE SHORE LINE. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 71 (8): 1211-&. 
1960-1243 GASTIL, G; KNOWLES, DM. 1960. GEOLOGY OF THE WABUSH LAKE AREA, SOUTHWESTERN 
LABRADOR AND EASTERN QUEBEC, CANADA. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 71 (8): 1243-&. 
1960-1383 COMPTON, RR. 1960. CONTACT METAMORPHISM IN SANTA ROSA RANGE, NEVADA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 (9): 1383-&. 
1960-1491 POPENOE, WP; IMLAY, RW; MURPHY, MA. 1960. CORRELATION OF THE CRETACEOUS 
FORMATIONS OF THE PACIFIC COAST (UNITED-STATES AND NORTHWESTERN MEXICO). 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 
1960-1589 BARAGAR, WRA. 1960. PETROLOGY OF BASALTIC ROCKS IN PART OF THE LABRADOR 
TROUGH. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 71 
1965-43 WHETTEN, JT. 1965. CARGONIFEROUS GLACIAL ROCKS FROM WERRIE BASIN NEW SOUTH 
WALES AUSTRALIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 (1): 43-&. 
1965-165 HURLEY, PM; BATEMAN, PC; FAIRBAIR.HW; PINSON, WH. 1965. INVESTIGATION OF INITIAL 
SR87/SR86 RATIOS IN SIERRA NEVADA PLUTONIC PROVINCE. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 76 
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1965-223 OSBERG, PH. 1965. STRUCTURAL GEOLOGY OF KNOWLTON-RICHMOND AREA QUEBEC. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 (2): 223-&. 
1965-307 RUSSELL, RJ; MCINTIRE, WG. 1965. BEACH CUSPS. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 76 (3): 307-&. 
1965-483 COLEMAN, RG; LEE, DE; BEATTY, LB; BRANNOCK, WW. 1965. ECLOGITES AND ECLOGITES - 
THEIR DIFFERENCES AND SIMILARITIES. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 
(5): 483-&. 
1965-651 CARTER, WD; AGUIRRE, L. 1965. STRUCTURAL GEOLOGY OF ACONCAGUA PROVINCE AND 
ITS RELATIONSHIP TO CENTRAL VALLEY GRABEN CHILE. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 76 (6): 651-&. 
1965-665 DALRYMPL.GB; COX, A; DOELL, RR. 1965. POTASSIUM-ARGON AGE AND PALEOMAGNETISM 
OF BISHOP TUFF CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 (6): 665-&. 
1965-735 WASSERBU.GJ; LANPHERE, MA. 1965. AGE DETERMINATIONS IN PRECAMBRIAN OF 
ARIZONA AND NEVADA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 (7): 735-&. 
1965-981 HARMS, JC. 1965. SANDSTONE DIKES IN RELATION TO LARAMIDE FAULTS AND STRESS 
DISTRIBUTION IN SOUTHERN FRONT RANGE COLORADO. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 76 (9): 981-&. 
1965-1027 KALLIOKO.J. 1965. GEOLOGY OF NORTH-CENTRAL GUAYANA SHIELD VENEZUELA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 76 (9): 1027-&. 
1970-81 CANNON, WF. 1970. PLUTONIC EVOLUTION OF CUTLER AREA, ONTARIO. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 81 (1):81-&. 
1970-117 WAGNER, WP. 1970. ICE MOVEMENT AND SHORELINE MODIFICATION, LAKE-CHAMPLAIN, 
VERMONT. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 81 (1):117-&. 
1970-469 SUMMERSO.CH; SWANN, DH. 1970. PATTERNS OF DEVONIAN SAND ON NORTH-AMERICAN 
CRATON AND THEIR INTERPRETATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 81 
(2):469-&. 
1970-1385 BERGER, WH. 1970. BIOGENOUS DEEP-SEA SEDIMENTS - FRACTIONATION BY DEEP-SEA 
CIRCULATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 81 (5):1385-&. 
1970-1497 GUNN, BM; WATKINS, ND. 1970. GEOCHEMISTRY OF STEENS-MOUNTAIN BASALTS, 
OREGON. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 81 (5):1497-&. 
1970-1689 GORDON, WA. 1970. BIOGEOGRAPHY OF JURASSIC FORAMINIFERA. GEOLOGICAL SOCIETY 
OF AMERICA BULLETIN 81 (6):1689-&. 
1970-1973 HICKLING, NL; PHAIR, G; MOORE, R; ROSE, HJ. 1970. BOULDER-CREEK BATHOLITH, 
COLORADO .1. ALLANITE AND ITS BEARING UPON AGE PATTERNS. GEOLOGICAL SOCIETY 
OF AMERICA BULLETIN 81 (7):1973-&. 
1970-2299 SCHWARCZ, HP; CLAYTON, RN; MAYEDA, T. 1970. OXYGEN ISOTOPIC STUDIES OF 
CALCAREOUS AND PELITIC METAMORPHIC ROCKS, NEW-ENGLAND. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 81 (8):2299-&. 
1970-2577 MACINTYR.IG; MILLIMAN, JD. 1970. PHYSIOGRAPHIC FEATURES ON OUTER SHELF AND 
UPPER SLOPE, ATLANTIC CONTINENTAL MARGIN, SOUTHEASTERN UNITED-STATES. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 81 (9):2577-&. 
1970-2949 MCGILL, GE; RANEY, JA. 1970. EXPERIMENTAL STUDY OF FAULTING IN AN ANISOTROPIC, 
INHOMOGENEOUS DOLOMITIC LIMESTONE. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 81 (10):2949-&. 
1975-145 RUTTER, EH; SCHMID, SM. 1975. EXPERIMENTAL STUDY OF UNCONFINED FLOW OF 
SOLNHOFEN LIMESTONE AT 500 DEGREES TO 600 DEGREES C. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 86 (2):145-152. 
1975-213 SILVER, EA; CASE, JE; MACGILLAVRY, HJ. 1975. GEOPHYSICAL STUDY OF VENEZUELAN 
BORDERLAND. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 (2):213-226. 
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1975-443 CORMIER, VF. 1975. TECTONICS NEAR JUNCTION OF ALEUTIAN AND KURIL-KAMCHATKA 
ARCS AND A MECHANISM FOR MIDDLE TERTIARY MAGMATISM IN KAMCHATKA BASIN. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 (4):443-453. 
1975-939 GOMES, CB; CORDANI, UG; BASEI, MAS. 1975. RADIOMETRIC AGES FROM SERRA-DOS-
CARAJAS AREA, NORTHERN BRAZIL. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 
(7):939-942. 
1975-1131 HANKS, TC; HILEMAN, JA; THATCHER, W. 1975. SEISMIC MOMENTS OF LARGER 
EARTHQUAKES OF SOUTHERN-CALIFORNIA REGION. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 86 (8):1131-1139. 
1975-1209 MYERS, JS. 1975. CAULDRON SUBSIDENCE AND FLUIDIZATION - MECHANISMS OF 
INTRUSION OF COASTAL BATHOLITH OF PERU INTO ITS OWN VOLCANIC EJECTA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 (9):1209-1220. 
1975-1348 PHILLIPS, JD; FLEMING, HS; FEDEN, RH; KING, WE; PERRY, RK. 1975. AEROMAGNETIC 
STUDY OF MID-ATLANTIC RIDGE NEAR OCEANOGRAPHER FRACTURE ZONE. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 86 (10):1348-1357. 
1975-1499 SAVIN, SM; DOUGLAS, RG; STEHLI, FG. 1975. TERTIARY MARINE PALEOTEMPERATURES. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 (11):1499-1510. 
1975-1639 PRINCE, RA; KULM, LD. 1975. CRUSTAL RUPTURE AND INITIATION OF IMBRICATE 
THRUSTING IN PERU-CHILE TRENCH. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 
(12):1639-1653. 
1975-1725 LAFOUNTAIN, LJ. 1975. UNUSUAL POLYPHASE FOLDING IN A PORTION OF NORTHEASTERN 
FRONT RANGE, COLORADO. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 86 (12):1725-
1732. 
1980-16 DOHERTY, JT; LYONS, JB. 1980. MESOZOIC EROSION RATES IN NORTHERN NEW-ENGLAND. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 (1):16-20. 
1980-110 BOHLEN, SR; ESSENE, EJ; HOFFMAN, KS. 1980. UPDATE ON FELDSPAR AND OXIDE 
THERMOMETRY IN THE ADIRONDACK MOUNTAINS, NEW-YORK. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 91 (2):110-113. 
1980-272 PIERCE, WG. 1980. THE HEART MOUNTAIN BREAK-AWAY FAULT, NORTHWESTERN 
WYOMING. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 (5):272-281. 
1980-348 OHARA, NW; HINZE, WJ. 1980. REGIONAL BASEMENT GEOLOGY OF LAKE HURON. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 (6):348-358. 
1980-392 SPEED, RC; KISTLER, RW. 1980. CRETACEOUS VOLCANISM, EXCELSIOR MOUNTAINS, 
NEVADA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 (7):392-398. 
1980-433 PRELL, WL; GARDNER, JV; ADELSECK, C; BLECHSCHMIDT, G; FLEET, AJ; KEIGWIN, LD; 
KENT, D; LEDBETTER, MT; MANN, U; MAYER, L; REIDEL, WR; SANCETTA, C; SPARIOSU, D; 
ZIMMERMAN, HB. 1980. HYDRAULIC PISTON CORING OF LATE NEOGENE AND 
QUATERNARY SECTIONS IN THE CARIBBEAN AND EQUATORIAL PACIFIC - PRELIMINARY-
RESULTS OF DEEP-SEA DRILLING PROJECT LEG 68. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 91 (7):433-444. 
1980-555 LONSDALE, P; LAWVER, LA. 1980. IMMATURE PLATE BOUNDARY ZONES STUDIED WITH A 
SUBMERSIBLE IN THE GULF OF CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 91 (9):555-569. 
1980-665 BROOKS, ER; COLES, DG. 1980. USE OF IMMOBILE TRACE-ELEMENTS TO DETERMINE 
ORIGINAL TECTONIC SETTING OF ERUPTION OF METABASALTS, NORTHERN SIERRA-
NEVADA, CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 (11):665-671. 
1980-675 FERNANDEZ, LA. 1980. GEOLOGY AND PETROLOGY OF THE NORDESTE VOLCANIC 
COMPLEX, SAO-MIGUEL, AZORES - SUMMARY. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 91 (12):675-680. 
1980-713 BLACK, RF. 1980. VALDERS-TWO-CREEKS, WISCONSIN, REVISITED - THE VALDERS TILL IS 
MOST LIKELY POST-TWOCREEKAN. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 91 
(12):713-723. 
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1985-58 DEGRACIANSKY, PC; POAG, CW; CUNNINGHAM, R; LOUBERE, P; MASSON, DG; MAZZULLO, 
JM; MONTADERT, L; MULLER, C; OTSUKA, K; REYNOLDS, LA; SIGAL, J; SNYDER, SW; 
TOWNSEND, HA; VAOS, SP; WAPLES, D. 1985. THE GOBAN SPUR TRANSECT - GEOLOGIC 
EVOLUTION OF A SEDIMENT-STARVED PASSIVE CONTINENTAL-MARGIN. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 96 (1):58-76. 
1985-159 MCDOUGALL, I. 1985. K-AR AND AR-40/AR-39 DATING OF THE HOMINID-BEARING 
PLIOCENE-PLEISTOCENE SEQUENCE AT KOOBI FORA, LAKE TURKANA, NORTHERN KENYA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (2):159-175. 
1985-272 HERMES, OD; ZARTMAN, RE. 1985. LATE PROTEROZOIC AND DEVONIAN PLUTONIC 
TERRANE WITHIN THE AVALON ZONE OF RHODE-ISLAND. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 96 (2):272-282. 
1985-328 DOMENICO, PA; ROBBINS, GA. 1985. THE DISPLACEMENT OF CONNATE WATER FROM 
AQUIFERS. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (3):328-335. 
1985-504 OUCHI, S. 1985. RESPONSE OF ALLUVIAL RIVERS TO SLOW ACTIVE TECTONIC MOVEMENT. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (4):504-515. 
1985-746 NELSON, BK; DEPAOLO, DJ. 1985. RAPID PRODUCTION OF CONTINENTAL-CRUST 1.7 TO 
1.9B.Y. AGO - ND ISOTOPIC EVIDENCE FROM THE BASEMENT OF THE NORTH-AMERICAN 
MID-CONTINENT. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (6):746-754. 
1985-781 REID, JR. 1985. BANK-EROSION PROCESSES IN A COOL-TEMPERATE ENVIRONMENT, 
ORWELL LAKE, MINNESOTA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (6):781-792. 
1985-817 STOESER, DB; CAMP, VE. 1985. PAN-AFRICAN MICROPLATE ACCRETION OF THE ARABIAN 
SHIELD. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (7):817-826. 
1985-975 HUTCHINSON, DR; GROW, JA. 1985. NEW-YORK BIGHT FAULT. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 96 (8):975-989. 
1985-1457 KENYON, PM; TURCOTTE, DL. 1985. MORPHOLOGY OF A DELTA PROGRADING BY BULK 
SEDIMENT TRANSPORT. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 96 (11):1457-1465. 
1990-1 CRONE, AJ; LUZA, KV. 1990. STYLE AND TIMING OF HOLOCENE SURFACE FAULTING ON 
THE MEERS FAULT, SOUTHWESTERN OKLAHOMA. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 102 (1):1-17. 
1990-45 MACK, GH; SEAGER, WR. 1990. TECTONIC CONTROL ON FACIES DISTRIBUTION OF THE 
CAMP RICE AND PALOMAS FORMATIONS (PLIOCENE-PLEISTOCENE) IN THE SOUTHERN 
RIO-GRANDE RIFT. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (1):45-53. 
1990-147 STONE, WE. 1990. ARCHEAN VOLCANISM AND SEDIMENTATION IN THE BOUSQUET GOLD 
DISTRICT, ABITIBI GREENSTONE-BELT, QUEBEC - IMPLICATIONS FOR STRATIGRAPHY AND 
GOLD CONCENTRATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (1):147-158. 
1990-243 MOOERS, HD. 1990. A GLACIAL-PROCESS MODEL - THE ROLE OF SPATIAL AND TEMPORAL 
VARIATIONS IN GLACIER THERMAL REGIME. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 102 (2):243-251. 
1990-1038 FISHER, RV. 1990. TRANSPORT AND DEPOSITION OF A PYROCLASTIC SURGE ACROSS AN 
AREA OF HIGH RELIEF - THE 18 MAY 1980 ERUPTION OF MOUNT ST-HELENS, WASHINGTON. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (8):1038-1054. 
1990-1297 FROITZHEIM, N; EBERLI, GP. 1990. EXTENSIONAL DETACHMENT FAULTING IN THE 
EVOLUTION OF A TETHYS PASSIVE CONTINENTAL-MARGIN, EASTERN ALPS, 
SWITZERLAND. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (9):1297-1308. 
1990-1499 ERICKSEN, MC; SLINGERLAND, R. 1990. NUMERICAL SIMULATIONS OF TIDAL AND WIND-
DRIVEN CIRCULATION IN THE CRETACEOUS INTERIOR SEAWAY OF NORTH-AMERICA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (11):1499-1516. 
1990-1565 BOILY, M; LUDDEN, JN; BROOKS, C. 1990. GEOCHEMICAL CONSTRAINTS ON THE 
MAGMATIC EVOLUTION OF THE PREOLIGOCENE AND POSTOLIGOCENE VOLCANIC SUITES 
OF SOUTHERN PERU - IMPLICATIONS FOR THE TECTONIC EVOLUTION OF THE CENTRAL 
VOLCANIC ZONE. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (11):1565-1579. 
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1990-1607 REYNOLDS, JH; JORDAN, TE; JOHNSON, NM; DAMANTI, JF; TABBUTT, KD. 1990. NEOGENE 
DEFORMATION OF THE FLAT-SUBDUCTION SEGMENT OF THE ARGENTINE-CHILEAN 
ANDES - MAGNETOSTRATIGRAPHIC CONSTRAINTS FROM LAS-JUNTA, LA RIOJA PROVINCE, 
ARGENTINA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 102 (12):1607-1622. 
1990- GOODGE, JW. 1990. TECTONIC EVOLUTION OF A COHERENT LATE TRIASSIC SUBDUCTION 
COMPLEX, STUART FORK TERRANE, KLAMATH MOUNTAINS, NORTHERN-CALIFORNIA. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 
1995-8 MUELLER, KJ; ROCKWELL, TK. 1995. LATE QUATERNARY ACTIVITY OF THE LAGUNA-
SALADA FAULT IN NORTHERN BAJA-CALIFORNIA, MEXICO. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 107 (1):8-18. 
1995-148 TOBISCH, OT; SALEEBY, JB; RENNE, PR; MCNULTY, B; TONG, WX. 1995. VARIATIONS IN 
DEFORMATION FIELDS DURING DEVELOPMENT OF A LARGE-VOLUME MAGMATIC ARC, 
CENTRAL SIERRA-NEVADA, CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 
107 (2):148-166. 
1995-180 JOHN, DA. 1995. TILTED MIDDLE TERTIARY ASH-FLOW CALDERAS AND SUBJACENT 
GRANITIC PLUTONS, SOUTHERN STILLWATER RANGE, NEVADA - CROSS-SECTIONS OF AN 
OLIGOCENE IGNEOUS CENTER. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 107 (2):180-
200. 
1995-595 HANSON, RB. 1995. THE HYDRODYNAMICS OF CONTACT-METAMORPHISM. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 107 (5):595-611. 
1995-725 DORN, RI. 1995. DIGITAL PROCESSING OF BACKSCATTER ELECTRON IMAGERY - A 
MICROSCOPIC APPROACH TO QUANTIFYING CHEMICAL-WEATHERING. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 107 (6):725-741. 
1995-779 GROSS, MR. 1995. FRACTURE PARTITIONING - FAILURE MODE AS A FUNCTION OF 
LITHOLOGY IN THE MONTEREY FORMATION OF COASTAL CALIFORNIA. GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 107 (7):779-792. 
1995-1033 NESBITT, BE; MUEHLENBACHS, K. 1995. GEOCHEMICAL STUDIES OF THE ORIGINS AND 
EFFECTS OF SYNOROGENIC CRUSTAL FLUIDS IN THE SOUTHERN OMINECA BELT OF 
BRITISH-COLUMBIA, CANADA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 107 (9):1033-
1050. 
1995-1288 DETHIER, DP; PESSL, F; KEULER, RF; BALZARINI, MA; PEVEAR, DR. 1995. LATE 
WISCONSINAN GLACIOMARINE DEPOSITION AND ISOSTATIC REBOUND, NORTHERN PUGET 
LOWLAND, WASHINGTON. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 107 (11):1288-
1303. 
1995-1304 CASTONGUAY, S; PRICE, RA. 1995. TECTONIC HEREDITY AND TECTONIC WEDGING ALONG 
AN OBLIQUE HANGING WALL RAMP - THE SOUTHERN TERMINATION OF THE MISTY 
THRUST SHEET, SOUTHERN CANADIAN ROCKY-MOUNTAINS. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 107 (11):1304-1316. 
1995-1317 JANSSEN, ME; STEPHENSON, RA; CLOETINGH, S. 1995. TEMPORAL AND SPATIAL 
CORRELATIONS BETWEEN CHANGES IN PLATE MOTIONS AND THE EVOLUTION OF RIFTED 
BASINS IN AFRICA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 107 (11):1317-1332. 
2000-879 WATTS, DR; HARRIS, NBW; 2002 NASA GLENN SOARS WOKING GRP. 2005. MAPPING 
GRANITE AND GNEISS IN DOMES ALONG THE NORTH HIMALAYAN ANTIFORM WITH ASTER 
SWIR BAND RATIOS. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (7-8):879-886. 
2000-929 ENKIN, RJ; OSADETZ, KG; BAKER, J; KISILEVSKY, D. 2000. OROGENIC REMAGNETIZATIONS 
IN THE FRONT RANGES AND INNER FOOTHILLS OF THE SOUTHERN CANADIAN 
CORDILLERA: CHEMICAL HARBINGER AND THERMAL HANDMAIDEN OF CORDILLERAN 
DEFORMATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 (6):929-942. 
2000-1059 SHARP, WD; TOBISCH, OT; RENNE, PR. 2000. DEVELOPMENT OF CRETACEOUS 
TRANSPRESSIONAL CLEAVAGE SYNCHRONOUS WITH BATHOLITH EMPLACEMENT, 
CENTRAL SIERRA NEVADA, CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 
112 (7):1059-1066. 
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2000-1106 GUALTIERI, L; GLUSHKOVA, O; BRIGHAM-GRETTE, J. 2000. EVIDENCE FOR RESTRICTED ICE 
EXTENT DURING THE LAST GLACIAL MAXIMUM IN THE KORYAK MOUNTAINS OF 
CHUKOTKA, FAR EASTERN RUSSIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 
(7):1106-1118. 
2000-1398 EGUILUZ, L; IBARGUCHI, JIG; ABALOS, B; APRAIZ, A. 2000. SUPERPOSED HERCYNIAN AND 
CADOMIAN OROGENIC CYCLES IN THE OSSA-MORENA ZONE AND RELATED AREAS OF THE 
IBERIAN MASSIF. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 (9):1398-1413. 
2000-1414 HAEUSSLER, PJ; BRUHN, RL; PRATT, TL. 2000. POTENTIAL SEISMIC HAZARDS AND 
TECTONICS OF THE UPPER COOK INLET BASIN, ALASKA, BASED ON ANALYSIS OF 
PLIOCENE AND YOUNGER DEFORMATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 
112 (9):1414-1429. 
2000-1430 CHANNELL, JET; ERBA, E; MUTTONI, G; TREMOLADA, F. 2000. EARLY CRETACEOUS 
MAGNETIC STRATIGRAPHY IN THE APTICORE DRILL CORE AND ADJACENT OUTCROP AT 
CISMON (SOUTHERN ALPS, ITALY), AND CORRELATION TO THE PROPOSED BARREMIAN-
APTIAN BOUNDARY STRATOTYPE. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 
(9):1430-1443. 
2000-1543 MOLYNEUX, SJ; HUTTON, DHW. 2000. EVIDENCE FOR SIGNIFICANT GRANITE SPACE 
CREATION BY THE BALLOONING MECHANISM: THE EXAMPLE OF THE ARDARA PLUTON, 
IRELAND. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 (10):1543-1558. 
2000-1694 HURWITZ, S; STANISLAVSKY, E; LYAKHOVSKY, V; GVIRTZMAN, H. 2000. TRANSIENT 
GROUNDWATER-LAKE INTERACTIONS IN A CONTINENTAL RIFT: SEA OF GALILEE, ISRAEL. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 112 (11):1694-1702. 
2000-1804 DENIZMAN, C; RANDAZZO, AF. 2000. POST-MIOCENE SUBTROPICAL KARST EVOLUTION, 
LOWER SUWANNEE RIVER BASIN, FLORIDA. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 112 (12):1804-1813. 
2000-1850 STUMPF, AJ; BROSTER, BE; LEVSON, VM. 2000. MULTIPHASE FLOW OF THE LATE 
WISCONSINAN CORDILLERAN ICE SHEET IN WESTERN CANADA. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 112 (12):1850-1863. 
AAPGB 2005-81 SU, XB; LIN, XY; ZHAO, MJ; SONG, Y; LIU, SB. 2005. THE UPPER PALEOZOIC COALBED 
METHANE SYSTEM IN THE QINSHUI BASIN, CHINA. AAPG BULLETIN 89 (1):81-100. 
AAPGB 2005-119 VAN UFFORD, AQ; CLOOS, M. 2005. CENOZOIC TECTONICS OF NEW GUINEA. AAPG 
BULLETIN 89 (1):119-140. 
AAPGB 2005-231 FITZSIMMONS, R; BUCHANAN, J; IZATT, C. 2005. THE ROLE OF OUTCROP GEOLOGY IN 
PREDICTING RESERVOIR PRESENCE IN THE CRETACEOUS AND PALEOCENE SUCCESSIONS 
OF THE SULAIMAN RANGE, PAKISTAN. AAPG BULLETIN 89 (2):231-254. 
AAPGB 2005-255 YANG, YT; LI, W; MA, L. 2005. TECTONIC AND STRATIGRAPHIC CONTROLS OF 
HYDROCARBON SYSTEMS IN THE ORDOS BASIN: A MULTICYCLE CRATONIC BASIN IN 
CENTRAL CHINA. AAPG BULLETIN 89 (2):255-269. 
AAPGB 2005-329 JONK, R; HURST, A; DURANTI, D; PARNELL, J; MAZZINI, A; FALLICK, AE. 2005. ORIGIN AND 
TIMING OF SAND INJECTION, PETROLEUM MIGRATION, AND DIAGENESIS IN TERTIARY 
RESERVOIRS, SOUTH VIKING GRABEN, NORTH SEA. AAPG BULLETIN 89 (3):329-357. 
AAPGB 2005-447 ASCHOFF, JL; GILES, KA. 2005. SALT DIAPIR-INFLUENCED, SHALLOW-MARINE SEDIMENTS 
DISPERSAL PATTERNS: INSIGHTS FROM OUTCROP ANALOGS. AAPG BULLETIN 89 (4):447-
469. 
AAPGB 2005-507 JACKSON, MD; YOSHIDA, S; MUGGERIDGE, AH; JOHNSON, HD. 2005. THREE-DIMENSIONAL 
RESERVOIR CHARACTERIZATION AND FLOW SIMULATION OF HETEROLITHIC TIDAL 
SANDSTONES. AAPG BULLETIN 89 (4):507-528. 
AAPGB 2005-603 KARNER, SL; CHESTER, JS; CHESTER, FM; KRONENBERG, AK; HAJASH, A. 2005. 
LABORATORY DEFORMATION OF GRANULAR QUARTZ SAND: IMPLICATIONS FOR THE 
BURIAL OF CLASTIC ROCKS. AAPG BULLETIN 89 (5):603-625. 
AAPGB 2005-645 PRANTER, MJ; HIRSTIUS, CB; BUDD, DA. 2005. SCALES OF LATERAL PETROPHYSICAL 
HETEROGENEITY IN DOLOMITE LITHOFACIES AS DETERMINED FROM OUTCROP ANALOGS: 
IMPLICATIONS FOR 3-D RESERVOIR MODELING. AAPG BULLETIN 89 (5):645-662. 
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AAPGB 2005-753 CORREDOR, F; SHAW, JH; BILOTTI, F. 2005. STRUCTURAL STYLES IN THE DEEP-WATER 
FOLD AND THRUST BELTS OF THE NIGER DELTA. AAPG BULLETIN 89 (6):753-780. 
AAPGB 2005-799 SHARAF, E; SIMO, JA; CARROLL, AR; SHIELDS, M. 2005. STRATIGRAPHIC EVOLUTION OF 
OLIGOCENE-MIOCENE CARBONATES AND SILICICLASTICS, EAST JAVA BASIN, INDONESIA. 
AAPG BULLETIN 89 (6):799-819. 
AAPGB 2005-821 NAGIHARA, S; JONES, KO. 2005. GEOTHERMAL HEAT FLOW IN THE NORTHEAST MARGIN OF 
THE GULF OF MEXICO. AAPG BULLETIN 89 (6):821-831. 
AAPGB 2005-897 PETTY, DM. 2005. PALEOCLIMATIC CONTROL ON POROSITY OCCURRENCE IN THE TILSTON 
INTERVAL MADISON GROUP, WILLISTON BASIN AREA. AAPG BULLETIN 89 (7):897-919. 
AAPGB 2005-
1043 
IMBER, J; HOLDSWORTH, RE; MCCAFFREY, KJW; WILSON, RW; JONES, RR; ENGLAND, RW; 
GJELDVIK, G. 2005. EARLY TERTIARY SINISTRAL TRANSPRESSION AND FAULT 
REACTIVATION IN THE WESTERN VORING BASIN, NORWEGIAN SEA: IMPLICATIONS FOR 
HYDROCARBON CHLORATION AND PRE-BREAKUP DEFORMATION IN OCEAN MARGIN 
BASINS. AAPG BULLETIN 89 (8):1043-1069. 
AAPGB 2005-
1081 
GAULLIER, V; VENDEVILLE, BC. 2005. SALT TECTONICS DRIVEN BY SEDIMENT RADATION: 
PART II - RADIAL SPREADING OF SEDIMENTARY LOBES PROGRADING ABOVE SALT. AAPG 
BULLETIN 89 (8):1081-1089. 
AAPGB 2005-
1157 
SHELLEY, DC; LAWTON, TF. 2005. SEQUENCE STRATIGRAPHY OF TIDALLY INFLUENCED 
DEPOSITS IN A SALT-WITHDRAWAL MINIBASIN: UPPER SANDSTONE MEMBER OF THE 
POTRERILLOS FORMATION (PALEOCENE), LA POPA BASIN, MEXICO. AAPG BULLETIN 89 
(9):1157-1179. 
AAPGB 2005-
1319 
LUO, AL; MORAD, S; LIANG, ZG; ZHU, YS. 2005. CONTROLS ON THE QUALITY OF ARCHEAN 
METAMORPHIC AND JURASSIC VOLCANIC RESERVOIR ROCKS FROM THE XINGLONGTAI 
BURIED HILL, WESTERN DEPRESSION OF LIAOHE BASIN, CHINA. AAPG BULLETIN 89 
(10):1319-1346. 
AAPGB 2005-
1475 
BILOTTI, F; SHAW, JH. 2005. DEEP-WATER NIGER DELTA FOLD AND THRUST BELT 
MODELED AS A CRITICAL-TAPER WEDGE: THE INFLUENCE OF ELEVATED BASAL FLUID 
PRESSURE ON STRUCTURAL STYLES. AAPG BULLETIN 89 (11):1475-1491. 
AAPGB 2005-
1519 
FILDANI, A; HANSON, AD; CHEN, ZZ; MOLDOWAN, JM; GRAHAM, SA; ARRIOLA, PR. 2005. 
GEOCHEMICAL CHARACTERISTICS OF OIL AND SOURCE ROCKS AND IMPLICATIONS FOR 
PETROLEUM SYSTEMS, TALARA BASIN, NORTHWEST PERU. AAPG BULLETIN 89 (11):1519-
1545. 
AAPGB 2005-
1629 
HU, LG; FUHRMANN, A; POELCHAU, HS; HORSFIELD, B; ZHANG, ZW; WU, TS; CHEN, YX; LI, 
JY. 2005. NUMERICAL SIMULATION OF PETROLEUM GENERATION AND MIGRATION IN THE 
QINGSHUI SAG, WESTERN DEPRESSION OF THE LIAOHE BASIN, NORTHEAST CHINA. AAPG 
BULLETIN 89 (12):1629-1649. 
GCA 2005-83 GONZALEZ-DAVILA, M; SANTANA-CASIANO, JM; MILLERO, FJ. 2005. OXIDATION OF IRON(II) 
NANOMOLAR WITH H2O2 IN SEAWATER. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (1):83-
93. 
GCA 2005-283 TOSSELL, JA. 2005. THEORETICAL STUDY ON THE DIMERIZATION OF SI(OH)(4) IN AQUEOUS 
SOLUTION AND ITS DEPENDENCE ON TEMPERATURE AND DIELECTRIC CONSTANT. 
GEOCHIMICA ET COSMOCHIMICA ACTA 69 (2):283-291. 
GCA 2005-305 LYONS, WB; WELCH, KA; SNYDER, G; OLESIK, J; GRAHAM, EY; MARION, GM; POREDA, RJ. 
2005. HALOGEN GEOCHEMISTRY OF THE MCMURDO DRY VALLEYS LAKES, ANTARCTICA: 
CLUES TO THE ORIGIN OF SOLUTES AND LAKE EVOLUTION. GEOCHIMICA ET 
COSMOCHIMICA ACTA 69 (2):305-323. 
GCA 2005-389 MADDEN, AS; HOCHELLA, MF. 2005. A TEST OF GEOCHEMICAL REACTIVITY AS A 
FUNCTION OF MINERAL SIZE: MANGANESE OXIDATION PROMOTED BY HEMATITE 
NANOPARTICLES. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (2):389-398. 
GCA 2005-465 AMELIN, Y; DAVIS, WJ. 2005. GEOCHEMICAL TEST FOR BRANCHING DECAY OF LU-176. 
GEOCHIMICA ET COSMOCHIMICA ACTA 69 (2):465-473. 
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GCA 2005-763 KUNIHIRO, T; NAGASHIMA, K; YURIMOTO, H. 2005. MICROSCOPIC OXYGEN ISOTOPIC 
HOMOGENEITY/HETEROGENEITY IN THE MATRIX OF THE VIGARANO CV3 CHONDRITE. 
GEOCHIMICA ET COSMOCHIMICA ACTA 69 (3):763-773. 
GCA 2005-905 POKROVSKY, OS; SCHOTT, J; CASTILLO, A. 2005. KINETICS OF BRUCITE DISSOLUTION AT 25 
DEGREES C IN THE PRESENCE OF ORGANIC AND INORGANIC LIGANDS AND DIVALENT 
METALS. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (4):905-918. 
GCA 2005-1085 CODY, GD; ALEXANDER, CMO. 2005. NMR STUDIES OF CHEMICAL STRUCTURAL VARIATION 
OF INSOLUBLE ORGANIC MATTER FROM DIFFERENT CARBONACEOUS CHONDRITE 
GROUPS. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (4):1085-1097. 
GCA 2005-1165 LEUZ, AK; JOHNSON, CAR. 2005. OXIDATION OF SB(III) TO SB(V) BY O-2 AND H2O2 IN 
AQUEOUS SOLUTIONS. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (5):1165-1172. 
GCA 2005-1349 ELSILA, JE; DE LEON, NP; BUSECK, PR; ZARE, RN. 2005. ALKYLATION OF POLYCYCLIC 
AROMATIC HYDROCARBONS IN CARBONACEOUS CHONDRITES. GEOCHIMICA ET 
COSMOCHIMICA ACTA 69 (5):1349-1357. 
GCA 2005-1555 BOLHAR, R; KAMBER, BS; MOORBATH, S; WHITEHOUSE, MJ; COLLERSON, KD. 2005. 
CHEMICAL CHARACTERIZATION OF EARTH'S MOST ANCIENT CLASTIC METASEDIMENTS 
FROM THE ISUA GREENSTONE BELT, SOUTHERN WEST GREENLAND. GEOCHIMICA ET 
COSMOCHIMICA ACTA 69 (6):1555-1573. 
GCA 2005-1841 BISCHOFF, JL; WOODEN, J; MURPHY, F; WILLIAMS, RW. 2005. U/TH DATING BY SHRIMP RG 
ION-MICROPROBE MASS SPECTROMETRY USING SINGLE ION-EXCHANGE BEADS. 
GEOCHIMICA ET COSMOCHIMICA ACTA 69 (7):1841-1846. 
GCA 2005-2891 ELSILA, JE; DE LEON, NP; PLOWS, FL; BUSECK, PR; ZARE, RN. 2005. EXTRACTS OF IMPACT 
BRECCIA SAMPLES FROM SUDBURY, GARDNOS, AND RIES IMPACT CRATERS AND THE 
EFFECTS OF AGGREGATION ON C-60 DETECTION. GEOCHIMICA ET COSMOCHIMICA ACTA 
69 (11):2891-2899. 
GCA 2005-4535 EL GORESY, A; ZINNER, E; PELLAS, P; CAILLET, C. 2005. A MENAGERIE OF GRAPHITE 
MORPHOLOGIES IN THE ACAPULCO METEORITE WITH DIVERSE CARBON AND NITROGEN 
ISOTOPIC SIGNATURES: IMPLICATIONS FOR THE EVOLUTION HISTORY OF ACAPULCOITE 
METEORITES. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (18):4535-4556. 
GCA 2005-4895 BOOTH, AL; KOLODNY, Y; CHAMBERLAIN, CP; MCWILLIAMS, M; SCHMITT, AK; WOODEN, J. 
2005. OXYGEN ISOTOPIC COMPOSITION AND U-PB DISCORDANCE IN ZIRCON. GEOCHIMICA 
ET COSMOCHIMICA ACTA 69 (20):4895-4905. 
GCA 2005-5163 PIZZARELLO, S; HUANG, YS. 2005. THE DEUTERIUM ENRICHMENT OF INDIVIDUAL AMINO 
ACIDS IN CARBONACEOUS METEORITES: A CASE FOR THE PRESOLAR DISTRIBUTION OF 
BIOMOLECULE PRECURSORS (VOL 69, PG 599, 2005). GEOCHIMICA ET COSMOCHIMICA 
ACTA 69 (21):5163-5163. 
GCA 2005-5167 HUANG, YS; WANG, Y; ALEXANDRE, MR; LEE, T; ROSE-PETRUCK, C; FULLER, M; 
PIZZARELLO, S. 2005. MOLECULAR AND COMPOUND-SPECIFIC ISOTOPIC 
CHARACTERIZATION OF MONOCARBOXYLIC ACIDS IN CARBONACEOUS METEORITES 
(VOL 69, PG 1073, 2005). GEOCHIMICA ET COSMOCHIMICA ACTA 69 (21):5167-5170. 
GCA 2005-5317 AMRANI, A; LEWAN, MD; AIZENSHTAT, Z. 2005. STABLE SULFUR ISOTOPE PARTITIONING 
DURING SIMULATED PETROLEUM FORMATION AS DETERMINED BY HYDROUS PYROLYSIS 
OF GHAREB LIMESTONE, ISRAEL. GEOCHIMICA ET COSMOCHIMICA ACTA 69 (22):5317-5331. 
GCA 2005-5391 BRADBURY, MH; BAEYENS, B. 2005. MODELLING THE SORPTION OF MN(II), CO(II), NI(II), 
ZN(II), CD(II), EU(III), AM(III), SN(IV), TH(IV), NP(V) AND U(VI) ON MONTMORILLONITE: 
LINEAR FREE ENERGY RELATIONSHIPS AND ESTIMATES OF SURFACE BINDING 
CONSTANTS FOR SOME SELECTED HEAVY METALS AND ACTINIDES (VOL 69, PG 875, 2005). 
GEOCHIMICA ET COSMOCHIMICA ACTA 69 (22):5391-5392. 
GCA 2005-5477 PEARSON, A; SEEWALD, JS; EGLINTON, TI. 2005. BACTERIAL INCORPORATION OF RELICT 
CARBON IN THE HYDROTHERMAL ENVIRONMENT OF GUAYMAS BASIN. GEOCHIMICA ET 
COSMOCHIMICA ACTA 69 (23):5477-5486. 
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GSAB 2005-3 KATAOKA, K. 2005. DISTAL FLUVIO-LACUSTRINE VOLCANICLASTIC RESEDIMENTATION IN 
RESPONSE TO AN EXPLOSIVE SILICIC ERUPTION: THE PLIOCENE MUSHONO TEPHRA BED, 
CENTRAL JAPAN. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (1-2):3-17. 
GSAB 2005-32 DEHLER, CM; ELRICK, M; BLOCH, JD; CROSSEY, LJ; KARLSTROM, KE; DES MARAIS, DJ. 2005. 
HIGH-RESOLUTION DELTA C-13 STRATIGRAPHY OF THE CHUAR GROUP (CA. 770-742 MA), 
GRAND CANYON: IMPLICATIONS FOR MID-NEOPROTEROZOIC CLIMATE CHANGE. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (1-2):32-45. 
GSAB 2005-46 FLORINDO, F; ROBERTS, AP. 2005. EOCENE-OLIGOCENE MAGNETOBIOCHRONOLOGY OF 
ODP SITES 689 AND 690, MAUD RISE, WEDDELL SEA, ANTARCTICA. GEOLOGICAL SOCIETY 
OF AMERICA BULLETIN 117 (1-2):46-66. 
GSAB 2005-195 GRAN, KB; MONTGOMERY, DR. 2005. SPATIAL AND TEMPORAL PATTERNS IN FLUVIAL 
RECOVERY FOLLOWING VOLCANIC ERUPTIONS: CHANNEL RESPONSE TO BASIN-WIDE 
SEDIMENT LOADING AT MOUNT PINATUBO, PHILIPPINES. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 117 (1-2):195-211. 
GSAB 2005-276 COLE, JM; RASBURY, ET; HANSON, GN; MONTANEZ, IP; PEDONE, VA. 2005. USING U-PB AGES 
OF MIOCENE TUFA FOR CORRELATION IN A TERRESTRIAL SUCCESSION, BARSTOW 
FORMATION, CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (3-4):276-287. 
GSAB 2005-383 DUMOND, G; YOSHINOBU, AS; BARNES, CG. 2005. MIDCRUSTAL EMPLACEMENT OF THE 
SAUSFJELLET PLUTON, CENTRAL NORWAY: DUCTILE FLOW, STOPING, AND IN SITU 
ASSIMILATION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (3-4):383-395. 
GSAB 2005-547 GOMEZ, E; JORDAN, TE; ALLMENDINGER, RW; HEGARTY, K; KELLEY, S. 2005. SYNTECTONIC 
CENOZOIC SEDIMENTATION IN THE NORTHERN MIDDLE MAGDALENA VALLEY BASIN OF 
COLOMBIA AND IMPLICATIONS FOR EXHUMATION OF THE NORTHERN ANDES. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (5-6):547-569. 
GSAB 2005-633 SHERVAIS, JW; MURCHEY, BL; KIMBROUGH, DL; RENNE, PR; HANAN, B. 2005. 
RADIOISOTOPIC AND BIOSTRATIGRAPHIC AGE RELATIONS IN THE COAST RANGE 
OPHIOLITE, NORTHERN CALIFORNIA: IMPLICATIONS FOR THE TECTONIC EVOLUTION OF 
THE WESTERN CORDILLERA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (5-6):633-
653. 
GSAB 2005-736 TARASEWICZ, JPT; WOODCOCK, NH; DICKSO, JAD. 2005. CARBONATE DILATION BRECCIAS: 
EXAMPLES FROM THE DAMAGE ZONE TO THE DENT FAULT, NORTHWEST ENGLAND. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (5-6):736-745. 
GSAB 2005-879 WATTS, DR; HARRIS, NBW; 2002 NASA GLENN SOARS WOKING GRP. 2005. MAPPING 
GRANITE AND GNEISS IN DOMES ALONG THE NORTH HIMALAYAN ANTIFORM WITH ASTER 
SWIR BAND RATIOS. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (7-8):879-886. 
GSAB 2005-1070 MAINVILLE, A; CRAYMER, MR. 2005. PRESENT-DAY TILTING OF THE GREAT LAKES REGION 
BASED ON WATER LEVEL GAUGES. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (7-
8):1070-1080. 
GSAB 2005-1134 PAULL, CK; MITTS, P; USSLER, W; KEATEN, R; GREENE, HG. 2005. TRAIL OF SAND IN UPPER 
MONTEREY CANYON: OFFSHORE CALIFORNIA. GEOLOGICAL SOCIETY OF AMERICA 
BULLETIN 117 (9-10):1134-1145. 
GSAB 2005-1167 PELLETIER, JD; MAYER, L; PEARTHREE, PA; HOUSE, PK; DEMSEY, KA; KLAWON, JE; 
VINCENT, KR. 2005. AN INTEGRATED APPROACH TO FLOOD HAZARD ASSESSMENT ON 
ALLUVIAL FANS USING NUMERICAL MODELING, FIELD MAPPING, AND REMOTE SENSING. 
GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (9-10):1167-1180. 
GSAB 2005-1226 DI CELMA, C; RAGAINI, L; CANTALAMESSA, G; LANDINI, W. 2005. BASIN PHYSIOGRAPHY 
AND TECTONIC INFLUENCE ON SEQUENCE ARCHITECTURE AND STACKING PATTERN: 
PLEISTOCENE SUCCESSION OF THE CANOA BASIN (CENTRAL ECUADOR). GEOLOGICAL 
SOCIETY OF AMERICA BULLETIN 117 (9-10):1226-1241. 
GSAB 2005-1336 WANG, Y; ZHANG, XM; WANG, E; ZHANG, AF; LI, Q; SUN, GH. 2005. AR-40/AR-39 
THERMOCHRONOLOGICAL EVIDENCE FOR FORMATION AND MESOZOIC EVOLUTION OF 
THE NORTHERN-CENTRAL SEGMENT OF THE ALTYN TAGH FAULT SYSTEM IN THE 
NORTHERN TIBETAN PLATEAU. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (9-
10):1336-1346. 
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GSAB 2005-1367 HILLEY, GE; STRECKER, MR. 2005. PROCESSES OF OSCILLATORY BASIN FILLING AND 
EXCAVATION IN A TECTONICALLY ACTIVE OROGEN: QUEBRADA DEL TORO BASIN, NW 
ARGENTINA (VOL 117, PG 887, 2005). GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (9-
10):1367-1367. 
GSAB 2005-1387 POLAT, A; KUSKY, T; LI, JH; FRYER, B; KERRICH, R; PATRICK, K. 2005. GEOCHEMISTRY OF 
NEOARCHEAN (CA. 2.55-2.50 GA) VOLCANIC AND OPHIOLITIC ROCKS IN THE WUTAISHAN 
GREENSTONE BELT, CENTRAL OROGENIC BELT, NORTH CHINA CRATON: IMPLICATIONS 
FOR GEODYNAMIC SETTING AND CONTINENTAL GROWTH. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 117 (11-12):1387-1399. 
GSAB 2005-1466 STOKES, S; BRAY, HE. 2005. LATE PLEISTOCENE EOLIAN HISTORY OF THE LIWA REGION, 
ARABIAN PENINSULA. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (11-12):1466-1480. 
GSAB 2005-1481 FISHER, TG. 2005. STRANDLINE ANALYSIS IN THE SOUTHERN BASIN OF GLACIAL LAKE 
AGASSIZ, MINNESOTA AND NORTH AND SOUTH DAKOTA, USA. GEOLOGICAL SOCIETY OF 
AMERICA BULLETIN 117 (11-12):1481-1496. 
GSAB 2005-1513 VINCENT, SJ; ALLEN, MB; ISMAIL-ZADEH, AD; FLECKER, R; FOLAND, KA; SIMMONS, MD. 
2005. INSIGHTS FROM THE TALYSH OF AZERBAIJAN INTO THE PALEOGENE EVOLUTION OF 
THE SOUTH CASPIAN REGION. GEOLOGICAL SOCIETY OF AMERICA BULLETIN 117 (11-
12):1513-1533. 
GW 2005-30 LIPSON, DS; KUEPER, BH; GEFELL, MJ. 2005. MATRIX DIFFUSION-DERIVED PLUME 
ATTENUATION IN FRACTURED BEDROCK. GROUND WATER 43 (1):30-39. 
GW 2005-70 GUILBEAULT, MA; PARKER, BL; CHERRY, JA. 2005. MASS AND FLUX DISTRIBUTIONS FROM 
DNAPL ZONES IN SANDY AQUIFERS. GROUND WATER 43 (1):70-86. 
GW 2005-113 ZHANG, YS; GILLHAM, RK. 2005. EFFECTS OF GAS GENERATION AND PRECIPITATES ON 
PERFORMANCE OF FE DEGREES PRBS. GROUND WATER 43 (1):113-121. 
GW 2005-178 EBERTS, SM; JONES, SA; BRAUN, CL; HARVEY, GJ. 2005. LONG-TERM CHANGES IN GROUND 
WATER CHEMISTRY AT A PHYTOREMEDIATION DEMONSTRATION SITE. GROUND WATER 
43 (2):178-186. 
GW 2005-200 TWARAKAVI, NKC; KALUARACHCHI, JJ. 2005. AQUIFER VULNERABILITY ASSESSMENT TO 
HEAVY METALS USING ORDINAL LOGISTIC REGRESSION. GROUND WATER 43 (2):200-214. 
GW 2005-231 COPPOLA, EA; RANA, AJ; POULTON, MM; SZIDAROVSZKY, F; UHL, VW. 2005. A NEURAL 
NETWORK MODEL FOR PREDICTING AQUIFER WATER LEVEL ELEVATIONS. GROUND 
WATER 43 (2):231-241. 
GW 2005-250 KURTZMAN, D; NATIV, R; ADAR, EM. 2005. CORRELATING FRACTURE TRENDS AND 
HYDRAULIC HEAD USING SEMIVARIOGRAM CLOUD ANALYSIS. GROUND WATER 43 (2):250-
258. 
GW 2005-336 TANIGUCHI, M; ISHITOBI, T; SAEKI, K. 2005. EVALUATION OF TIME-SPACE DISTRIBUTIONS 
OF SUBMARINE GROUND WATER DISCHARGE. GROUND WATER 43 (3):336-342. 
GW 2005-381 BIRK, S; GEYER, T; LIEDL, R; SAUTER, M. 2005. PROCESS-BASED INTERPRETATION OF 
TRACER TESTS IN CARBONATE AQUIFERS. GROUND WATER 43 (3):381-388. 
GW 2005-401 CLARKE, DD; MEERSCHAERT, MM; WHEATCRAFT, SW. 2005. FRACTAL TRAVEL TIME 
ESTIMATES FOR DISPERSIVE CONTAMINANTS. GROUND WATER 43 (3):401-407. 
GW 2005-423 WANG, PP; ZHENG, CM. 2005. CONTAMINANT TRANSPORT MODELS UNDER RANDOM 
SOURCES. GROUND WATER 43 (3):423-433. 
GW 2005-511 CHESNAUX, R; MOLSON, JW; CHAPUIS, RP. 2005. AN ANALYTICAL SOLUTION FOR GROUND 
WATER TRANSIT TIME THROUGH UNCONFINED AQUIFERS. GROUND WATER 43 (4):511-517. 
GW 2005-545 BUROW, KR; CONSTANTZ, J; FUJII, R. 2005. HEAT AS A TRACER TO ESTIMATE DISSOLVED 
ORGANIC CARBON FLUX FROM A RESTORED WETLAND. GROUND WATER 43 (4):545-556. 
GW 2005-557 STERLING, SN; PARKER, BL; CHERRY, JA; WILLIAMS, JH; LANE, JW; HAENI, FP. 2005. 
VERTICAL CROSS CONTAMINATION OF TRICHLOROETHYLENE IN A BOREHOLE IN 
FRACTURED SANDSTONE. GROUND WATER 43 (4):557-573. 
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GW 2005-787 WILCOX, JD; BRADBURY, KR; THOMAS, CL; LAHR, JM. 2005. ASSESSING BACKGROUND 
GROUND WATER CHEMISTRY BENEATH A NEW UNSEWERED SUBDIVISION. GROUND 
WATER 43 (6):787-795. 
GW 2005-796 ERICKSON, ML; BARNES, RJ. 2005. GLACIAL SEDIMENT CAUSING REGIONAL-SCALE 
ELEVATED ARSENIC IN DRINKING WATER. GROUND WATER 43 (6):796-805. 
GW 2005-843 STAUFFER, F. 2005. UNCERTAINTY ESTIMATION OF PATHLINES IN GROUND WATER 
MODELS. GROUND WATER 43 (6):843-849. 
GW 2005-863 MULDOON, M; BRADBURY, KR. 2005. SITE CHARACTERIZATION IN DENSELY FRACTURED 
DOLOMITE: COMPARISON OF METHODS. GROUND WATER 43 (6):863-876. 
GW 2005-916 FREEDMAN, VL; WAICHLER, SR; COLE, CR; VERMEUL, VR; BERGERON, MP. 2005. 
IDENTIFYING THE POTENTIAL LOSS OF MONITORING WELLS USING AN UNCERTAINTY 
ANALYSIS. GROUND WATER 43 (6):916-925. 
GW 2005-926 BAKKER, M; KELSON, VA; LUTHER, KH. 2005. MULTILAYER ANALYTIC ELEMENT 
MODELING OF RADIAL COLLECTOR WELLS. GROUND WATER 43 (6):926-934. 
JGRB 2005-01106 GOTO, S; YAMANO, M; KINOSHITA, M. 2005. THERMAL RESPONSE OF SEDIMENT WITH 
VERTICAL FLUID FLOW TO PERIODIC TEMPERATURE VARIATION AT THE SURFACE. 
JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B1), ART.NO.-B01106. 
JGRB 2005-01203 ADLER, JF; WILLIAMS, Q. 2005. A HIGH-PRESSURE X-RAY DIFFRACTION STUDY OF IRON 
NITRIDES: IMPLICATIONS FOR EARTH'S CORE. JOURNAL OF GEOPHYSICAL RESEARCH-
SOLID EARTH 110 (B1), ART.NO.-B01203. 
JGRB 2005-01310 NAKAYA, S. 2005. FRACTAL PROPERTIES OF SEISMICITY IN REGIONS AFFECTED BY LARGE, 
SHALLOW EARTHQUAKES IN WESTERN JAPAN: IMPLICATIONS FOR FAULT FORMATION 
PROCESSES BASED ON A BINARY FRACTAL FRACTURE NETWORK MODEL. JOURNAL OF 
GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B1), ART.NO.-B01310. 
JGRB 2005-02210 PATRICK, MR; DEHN, J; DEAN, K. 2005. NUMERICAL MODELING OF LAVA FLOW COOLING 
APPLIED TO THE 1997 OKMOK ERUPTION: COMPARISON WITH ADVANCED VERY HIGH 
RESOLUTION RADIOMETER THERMAL IMAGERY. JOURNAL OF GEOPHYSICAL RESEARCH-
SOLID EARTH 110 (B2), ART.NO.-B02210. 
JGRB 2005-02404 BENNETT, ER; YOUNGSON, JH; JACKSON, JA; NORRIS, RJ; RAISBECK, GM; YIOU, F; 
FIELDING, E. 2005. GROWTH OF SOUTH ROUGH RIDGE, CENTRAL OTAGO, NEW ZEALAND: 
USING IN SITU COSMOGENIC ISOTOPES AND GEOMORPHOLOGY TO STUDY AN ACTIVE, 
BLIND REVERSE FAULT. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B2), 
ART.NO.-B02404. 
JGRB 2005-03206 FUKUSHIMA, Y; CAYOL, V; DURAND, P. 2005. FINDING REALISTIC DIKE MODELS FROM 
INTERFEROMETRIC SYNTHETIC APERTURE RADAR DATA: THE FEBRUARY 2000 ERUPTION 
AT PITON DE LA FOURNAISE. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 
(B3), ART.NO.-B03206. 
JGRB 2005-03301 RYBERG, T; RUMPKER, G; HABERLAND, C; STROMEYER, D; WEBER, M. 2005. 
SIMULTANEOUS INVERSION OF SHEAR WAVE SPLITTING OBSERVATIONS FROM SEISMIC 
ARRAYS. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B3), ART.NO.-B03301. 
JGRB 2005-03404 QIN, R; BUCK, WR. 2005. EFFECT OF LITHOSPHERIC GEOMETRY ON RIFT VALLEY RELIEF. 
JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B3), ART.NO.-B03404. 
JGRB 2005-06401 MOORE, P; ZHANG, Q; ALOTHMAN, A. 2005. ANNUAL AND SEMIANNUAL VARIATIONS OF 
THE EARTH'S GRAVITATIONAL FIELD FROM SATELLITE LASER RANGING AND CHAMP. 
JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B6), ART.NO.-B06401. 
JGRB 2005-07102 HOUSEN, BA; DORSEY, RJ. 2005. PALEOMAGNETISM AND TECTONIC SIGNIFICANCE OF 
ALBIAN AND CENOMANIAN TURBIDITES, OCHOCO BASIN, MITCHELL INLIER, CENTRAL 
OREGON. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B7), ART.NO.-B07102. 
JGRB 2005-07404 MORIN, RH; WILKENS, RH. 2005. STRUCTURE AND STRESS STATE OF HAWAIIAN ISLAND 
BASALTS PENETRATED BY THE HAWAII SCIENTIFIC DRILLING PROJECT DEEP CORE HOLE. 
JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B7), ART.NO.-B07404. 
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JGRB 2005-08206 DAY-LEWIS, FD; SINGHA, K; BINLEY, AM. 2005. APPLYING PETROPHYSICAL MODELS TO 
RADAR TRAVEL TIME AND ELECTRICAL RESISTIVITY TOMOGRAMS: RESOLUTION-
DEPENDENT LIMITATIONS. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B8), 
ART.NO.-B08206. 
JGRB 2005-08404 CHEN, JL. 2005. GLOBAL MASS BALANCE AND THE LENGTH-OF-DAY VARIATION. JOURNAL 
OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B8), ART.NO.-B08404. 
JGRB 2005-09408 ADAM, C; BONNEVILLE, A. 2005. EXTENT OF THE SOUTH PACIFIC SUPERSWELL. JOURNAL 
OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B9), ART.NO.-B09408. 
JGRB 2005-10203 FREIFELD, BM; TRAUTZ, RC; KHARAKA, YK; PHELPS, TJ; MYER, LR; HOVORKA, SD; 
COLLINS, DJ. 2005. THE U-TUBE: A NOVEL SYSTEM FOR ACQUIRING BOREHOLE FLUID 
SAMPLES FROM A DEEP GEOLOGIC CO2 SEQUESTRATION EXPERIMENT. JOURNAL OF 
GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B10), ART.NO.-B10203. 
JGRB 2005-10405 HAMMOND, WC; THATCHER, W. 2005. NORTHWEST BASIN AND RANGE TECTONIC 
DEFORMATION OBSERVED WITH THE GLOBAL POSITIONING SYSTEM, 1999-2003. JOURNAL 
OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B10), ART.NO.-B10405. 
JGRB 2005-11202 LI, L; BEBOUT, GE. 2005. CARBON AND NITROGEN GEOCHEMISTRY OF SEDIMENTS IN THE 
CENTRAL AMERICAN CONVERGENT MARGIN: INSIGHTS REGARDING SUBDUCTION INPUT 
FLUXES, DIAGENESIS, AND PALEOPRODUCTIVITY. JOURNAL OF GEOPHYSICAL RESEARCH-
SOLID EARTH 110 (B11), ART.NO.-B11202. 
JGRB 2005-11401 HAMMOND, JOS; KENDALL, JM; RUMPKER, G; WOOKEY, J; TEANBY, N; JOSEPH, P; RYBERG, 
T; STUART, G. 2005. UPPER MANTLE ANISOTROPY BENEATH THE SEYCHELLES 
MICROCONTINENT. JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B11), 
ART.NO.-B11401. 
JGRB 2005-12201 TEN GROTENHUIS, SM; DRURY, MR; SPIERS, CJ; PEACH, CJ. 2005. MELT DISTRIBUTION IN 
OLIVINE ROCKS BASED ON ELECTRICAL CONDUCTIVITY MEASUREMENTS. JOURNAL OF 
GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B12), ART.NO.-B12201. 
JGRB 2005-12407 FIALKO, Y; KHAZAN, Y. 2005. FUSION BY EARTHQUAKE FAULT FRICTION: STICK OR SLIP?. 
JOURNAL OF GEOPHYSICAL RESEARCH-SOLID EARTH 110 (B12), ART.NO.-B12407. 
JSR 2005-6 METIVIER, F; LAJEUNESSE, E; CACAS, MC. 2005. SUBMARINE CANYONS IN THE BATHTUB. 
JOURNAL OF SEDIMENTARY RESEARCH 75 (1):6-11. 
JSR 2005-29 HASSAN, MA. 2005. CHARACTERISTICS OF GRAVEL BARS IN EPHEMERAL STREANNIS. 
JOURNAL OF SEDIMENTARY RESEARCH 75 (1):29-42. 
JSR 2005-97 HUBBARD, DK; ZANKL, H; VAN HEERDEN, I; GILL, IP. 2005. HOLOCENE REEF DEVELOPMENT 
ALONG THE NORTHEASTERN ST. CROIX SHELF, BUCK ISLAND, US VIRGIN ISLANDS. 
JOURNAL OF SEDIMENTARY RESEARCH 75 (1):97-113. 
JSR 2005-134 TWICHELL, DC; CROSS, VA; HANSON, AD; BUCK, BJ; ZYBALA, JG; RUDIN, MJ. 2005. SEISMIC 
ARCHITECTURE AND LITHOFACIES OF TURBIDITES IN LAKE MEAD (ARIZONA AND 
NEVADA, USA), AN ANALOGUE FOR TOPOGRAPHICALLY COMPLEX BASINS. JOURNAL OF 
SEDIMENTARY RESEARCH 75 (1):134-148. 
JSR 2005-200 HINMAN, NW; WALTER, MR. 2005. TEXTURAL PRESERVATION IN SILICEOUS HOT SPRING 
DEPOSITS DURING EARLY DIAGENESIS: EXAMPLES FROM YELLOWSTONE NATIONAL PARK 
AND NEVADA, USA. JOURNAL OF SEDIMENTARY RESEARCH 75 (2):200-215. 
JSR 2005-268 CAVAZZA, W; INGERSOLL, RV. 2005. DETRITAL MODES OF THE IONIAN FOREARC BASIN 
FILL (OLIGOCENE-QUATERNARY) REFLECT THE TECTONIC EVOLUTION OF THE CALABRIA-
PELORITANI TERRANE (SOUTHERN ITALY). JOURNAL OF SEDIMENTARY RESEARCH 75 
(2):268-279. 
JSR 2005-300 ZECCHIN, M. 2005. RELATIONSHIPS BETWEEN FAULT-CONTROLLED SUBSIDENCE AND 
PRESERVATION OF SHALLOW-MARINE SMALL-SCALE CYCLES: EXAMPLE FROM THE 
LOWER PLIOCENE OF THE CROTONE BASIN (SOUTHERN ITALY). JOURNAL OF 
SEDIMENTARY RESEARCH 75 (2):300-312. 
Appendix A (Continued) 
Table 11 (Continued) 
160 
Code Source 
JSR 2005-350 FELDMAN, HR; FRANSEEN, EK; JOECKEL, RM; HECKEL, PH. 2005. IMPACT OF LONGER-TERM 
MODEST CLIMATE SHIFTS ON ARCHITECTURE OF HIGH-FREQUENCY SEQUENCES 
(CYCLOTHEMS), PENNSYLVANIAN OF MIDCONTINENT USA. JOURNAL OF SEDIMENTARY 
RESEARCH 75 (3):350-368. 
JSR 2005-398 GOMAN, MF. 2005. DISCRIMINATION OF ESTUARINE MARSH SUBENVIRONMENTS (SAN 
FRANCISCO BAY, CALIFORNIA, USA) USING A MULTIVARIATE STATISTICAL CALIBRATION 
OF ABIOTIC SEDIMENT PROPERTIES. JOURNAL OF SEDIMENTARY RESEARCH 75 (3):398-408. 
JSR 2005-420 PATTISON, SAJ. 2005. STORM-INFLUENCED PRODELTA TURBIDITE COMPLEX IN THE LOWER 
KENILWORTH MEMBER AT HATCH MESA, BOOK CLIFFS, UTAH, USA: IMPLICATIONS FOR 
SHALLOW MARINE FACIES MODELS. JOURNAL OF SEDIMENTARY RESEARCH 75 (3):420-439. 
JSR 2005-464 FRENZ, M; BAUMANN, KH; BOECKEL, B; HOPPNER, R; HENRICH, R. 2005. QUANTIFICATION 
OF FORAMINIFER AND COCCOLITH CARBONATE IN SOUTH ATLANTIC SURFACE 
SEDIMENTS BY MEANS OF CARBONATE GRAIN-SIZE DISTRIBUTIONS. JOURNAL OF 
SEDIMENTARY RESEARCH 75 (3):464-475. 
JSR 2005-476 SWART, PK; CANTRELL, DL; WESTPHAL, H; HANDFORD, CR; KENDALL, CG. 2005. ORIGIN OF 
DOLOMITE IN THE ARAB-D RESERVOIR FROM THE GHAWAR FIELD, SAUDI ARABIA: 
EVIDENCE FROM PETROGRAPHIC AND GEOCHEMICAL CONSTRAINTS. JOURNAL OF 
SEDIMENTARY RESEARCH 75 (3):476-491. 
JSR 2005-562 BENSING, JP; MOZLEY, PS; DUNBAR, NW. 2005. IMPORTANCE OF CLAY IN IRON TRANSPORT 
AND SEDIMENT REDDENING: EVIDENCE FROM REDUCTION FEATURES OF THE ABO 
FORMATION, NEW MEXICO, USA. JOURNAL OF SEDIMENTARY RESEARCH 75 (4):562-571. 
JSR 2005-608 RODRIGUEZ, AB; ANDERSON, JB; SIMMS, AR. 2005. TERRACE INUNDATION AS AN 
AUTOCYCLIC MECHANISM FOR PARASEQUENCE FORMATION: GALVESTON ESTUARY, 
TEXAS, USA. JOURNAL OF SEDIMENTARY RESEARCH 75 (4):608-620. 
JSR 2005-798 REMACHA, E; FERNANDEZ, LP; MAESTRO, E. 2005. THE TRANSITION BETWEEN SHEET-LIKE 
LOBE AND BASIN-PLAIN TURBIDITES IN THE HECHO BASIN (SOUTH-CENTRAL PYRENEES, 
SPAIN). JOURNAL OF SEDIMENTARY RESEARCH 75 (5):798-819. 
JSR 2005-897 KREMER, B; KAZMIERCZAK, J. 2005. CYANOBACTERIAL MATS FROM SILURIAN BLACK 
RADIOLARIAN CHERTS: PHOTOTROPHIC LIFE AT THE EDGE OF DARKNESS?. JOURNAL OF 
SEDIMENTARY RESEARCH 75 (5):897-906. 
JSR 2005-943 AL-RAMADAN, K; MORAD, S; PROUST, JN; AL-AASM, I. 2005. DISTRIBUTION OF DIAGENETIC 
ALTERATIONS IN SILICICLASTIC SHOREFACE DEPOSITS WITHIN A SEQUENCE 
STRATIGRAPHIC FRAMEWORK: EVIDENCE FROM THE UPPER JURASSIC, BOULONNAIS, NW 
FRANCE. JOURNAL OF SEDIMENTARY RESEARCH 75 (5):943-959. 
JSR 2005-966 DIX, GR; JAMES, NP; KYSER, K; BONE, Y; COLLINS, LB. 2005. GENESIS AND DISPERSAL OF 
CARBONATE MUD RELATIVE TO LATE QUATERNARY SEA-LEVEL CHANGE ALONG A 
DISTALLY-STEEPENED CARBONATE RAMP (NORTHWESTERN SHELF, WESTERN 
AUSTRALIA) (VOL 75, PG 665, 2005). JOURNAL OF SEDIMENTARY RESEARCH 75 (5):966-966. 
JSR 2005-984 UFNAR, DF; GONZALEZ, LA; LUDVIGSON, GA; BRENNER, RL; WITZKE, BJ; LECKIE, D. 2005. 
RECONSTRUCTING A MID-CRETACEOUS LANDSCAPE FROM PALEOSOLS IN WESTERN 
CANADA. JOURNAL OF SEDIMENTARY RESEARCH 75 (6):984-996. 
JSR 2005-1011 PELLATON, C; GORIN, GE. 2005. THE MIOCENE NEW JERSEY PASSIVE MARGIN AS A MODEL 
FOR THE DISTRIBUTION OF SEDIMENTARY ORGANIC MATTER IN SILICICLASTIC DEPOSITS. 
JOURNAL OF SEDIMENTARY RESEARCH 75 (6):1011-1027. 
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Article ID # Pages # Figs # Plates 
# Pixels in 
Article 
# Pixels in 
Graphics 
# Pixels in 
Plates 
% Graphics 
% Graphics 
(no plates) 
1950-1217 7.5 3 2 37,500,000 63,469,900 59,704,852 65 10 
1950-123 5.5   27,500,000 0 0   
1950-1265 42.0 54 10 210,000,000 198,668,052 166,834,517 53 15 
1950-132 4.0   20,000,000 0 0   
1950-1347 7.5 8 2 37,500,000 13,214,216 7,604,298 29 15 
1950-27 16.5 4  82,500,000 9,189,032 0 11  
1950-449 42.5 12 2 212,500,000 78,660,284 61,654,144 29 8 
1950-759 28.0 12 2 140,000,000 43,063,080 13,889,328 28 21 
1950-789 45.0 36 6 225,000,000 37,130,256 19,022,288 15 08 
1950-835 6.5 1 1 32,500,000 62,060,600 62,060,600 66  
1960-1067 8.0 8 4 40,000,000 18,424,472 15,358,584 33 8 
1960-1189 22.0 8 2 110,000,000 46,760,420 38,067,976 32 8 
1960-1211 11.5 1  57,500,000 4,266,344 0 7  
1960-1243 11.5 5 1 57,500,000 44,416,592 35,848,616 48 15 
1960-1383 34.0 23 5 170,000,000 92,217,664 86,474,476 36 3 
1960-145 6.5 13 2 32,500,000 9,556,804 6,983,792 24 08 
1960-1491 49.0 6 1 245,000,000 50,244,744 38,359,492 18 5 
1960-1589 55.0 32 5 275,000,000 57,475,200 23,204,456 19 12 
1960-181 33.5 16 3 167,500,000 245,939,180 213,910,832 64 19 
1960-303 14.0 8 4 70,000,000 115,726,940 114,415,972 63 2 
1970-117 10.0 5  50,000,000 13,144,108 0 26  
1970-1385 16.5 11  82,500,000 13,138,464 0 16  
1970-1497 18.5 16  92,500,000 26,131,690 0 28  
1970-1689 14.5 3  72,500,000 5,683,256 0 08  
1970-1973 20.5 14  102,500,000 14,133,648 0 14  
1970-2299 17.0 14  85,000,000 13,120,608 0 15  
1970-2577 21.0 16  105,000,000 24,520,248 0 23  
1970-2949 9.5 8  47,500,000 13,259,488 0 28  
1970-469 22.0 7  110,000,000 14,287,716 0 13  
1970-81 14.0 7  70,000,000 7,071,588 0 10  
1980-110 4.0 2  32,000,000 3,426,672 0 11  
1980-16 4.5 2  36,000,000 8,340,765 0 23  
1980-272 9.0 7  72,000,000 31,802,660 0 44  
1980-348 11.0 9  88,000,000 47,369,316 0 54  
1980-392 6.5 4  52,000,000 14,657,484 0 28  
1980-433 11.0 10  88,000,000 45,965,052 0 52  
1980-555 15.0 9  120,000,000 46,031,624 0 38  
1980-665 6.5 5  52,000,000 11,646,956 0 22  
1980-675 6.0 5  48,000,000 24,238,940 0 50  
1980-713 10.5 6  84,000,000 21,377,520 0 25  
1990-1 17.0 17  136,000,000 41,421,952 0 30  
1990-1038 17.0 26  136,000,000 59,065,180 0 43  
1990-1297 12.0 12  96,000,000 40,454,784 0 42  
1990-145 12.0 9  96,000,000 34,159,896 0 36  
1990-1499 18.0 14  144,000,000 37,236,428 0 26  
1990-1565 15.0 11  120,000,000 35,379,948 0 29  
1990-1607 15.5 13  124,000,000 47,382,712 0 38  
1990-243 9.5 6  76,000,000 16,580,056 0 22  
. Area of GSA Bulletin articles devoted to graphics. Number of pages is rounded to the 
nearest half page. 
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1990-45 9.0 5  72,000,000 15,702,272 0 22  
1990-86 15.5 10  124,000,000 25,454,396 0 21  
2000-1059 8.0 7  64,000,000 15,910,132 0 25  
2000-1106 13.0 10  104,000,000 28,302,344 0 27  
2000-1398 15.5 14  124,000,000 39,619,540 0 32  
2000-1414 16.0 12  128,000,000 36,362,648 0 28  
2000-1430 13.5 13  108,000,000 53,755,464 0 50  
2000-1543 15.0 12  120,000,000 35,320,760 0 29  
2000-1694 8.0 8  64,000,000 13,794,096 0 22  
2000-1804 9.0 10  72,000,000 29,568,856 0 41  
2000-1850 14.0 12  112,000,000 43,878,716 0 39  
2000-929 14.0 9  112,000,000 32,548,208 0 29  
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AAPBG 2005-799 21 12 10,893,750 2,239,758 21 
AAPGB 2005-1043 26.5 16 13,746,875 3,170,099 23 
AAPGB 2005-1081 8 6 4,150,000 802,352 19 
AAPGB 2005-1157 22.5 13 11,671,875 2,422,808 21 
AAPGB 2005-119 21.5 9 11,153,125 1,894,855 17 
AAPGB 2005-1319 27 14 14,006,250 2,829,845 20 
AAPGB 2005-1475 17 14 8,818,750 2,630,447 30 
AAPGB 2005-1519 26.5 14 13,746,875 2,509,495 18 
AAPGB 2005-1629 20.5 11 10,634,375 2,246,353 21 
AAPGB 2005-231 23 10 11,931,250 2,183,187 18 
AAPGB 2005-255 14 8 7,262,500 1,721,149 24 
AAPGB 2005-329 28.5 16 14,784,375 1,913,428 13 
AAPGB 2005-447 22 12 11,412,500 1,395,361 12 
AAPGB 2005-507 21.5 16 11,153,125 1,626,031 15 
AAPGB 2005-603 22.5 13 11,671,875 1,190,783 10 
AAPGB 2005-645 18 14 9,337,500 1,265,986 14 
AAPGB 2005-753 28 19 14,525,000 1,396,596 10 
AAPGB 2005-81 20 18 10,375,000 1,131,293 11 
AAPGB 2005-821 10.5 6 5,446,875 404,490 7 
AAPGB 2005-897 22 18 11,412,500 989,635 9 
GCA 2005-1085 12.5 8 5,936,875 415,181 7 
GCA 2005-1165 7 5 3,324,650 215,618 6 
GCA 2005-1349 9 5 4,274,550 240,988 6 
GCA 2005-1555 18.5 10 8,786,575 533,551 6 
GCA 2005-1841 5.5 6 2,612,225 366,867 14 
GCA 2005-283 8.5 2 4,037,075 85,231 2 
GCA 2005-2891 9 5 4,274,550 332,949 8 
GCA 2005-305 19 7 9,024,050 404,691 4 
GCA 2005-3711 11 6 5,224,450 327,046 6 
GCA 2005-389 10 7 4,749,500 259,986 5 
GCA 2005-4535 21.5 23 10,211,425 2,892,119 28 
GCA 2005-465 8.5 6 4,037,075 267,652 7 
GCA 2005-4895 10.5 6 4,986,975 269,142 5 
GCA 2005-5317 14 10 6,649,300 630,280 9 
GCA 2005-5477 9.5 4 4,512,025 160,000 4 
GCA 2005-599 6.5 3 3,087,175 132,200 4 
GCA 2005-763 10.5 6 4,986,975 408,606 8 
GCA 2005-83 10 11 4,749,500 1,355,380 29 
GCA 2005-875 18 11 8,549,100 1,622,324 19 
GCA 2005-905 14 9 6,649,300 944,195 14 
GSAB 2005-1070 10.5 8 5,494,125 1,489,398 27 
GSAB 2005-1134 11.5 8 6,017,375 1,370,794 23 
GSAB 2005-1167 13 12 6,802,250 2,406,305 35 
GSAB 2005-1226 16 8 8,372,000 1,503,369 18 
GSAB 2005-1336 11 6 5,755,750 1,314,873 23 
GSAB 2005-1387 12.5 9 6,540,625 1,968,328 30 
GSAB 2005-1466 15 8 7,848,750 1,871,312 24 
GSAB 2005-1481 16 14 8,372,000 2,649,270 32 
GSAB 2005-1513 20.5 12 10,726,625 2,205,887 21 
GSAB 2005-195 17 16 8,895,250 2,779,088 31 
GSAB 2005-276 12 7 6,279,000 1,670,881 27 
GSAB 2005-3 14.5 8 7,587,125 1,644,922 22 
GSAB 2005-32 14 9 7,325,500 1,403,698 19 
GSAB 2005-383 12.5 9 6,540,625 1,482,677 23 
GSAB 2005-46 20 13 10,465,000 1,892,047 18 
GSAB 2005-547 23 15 12,034,750 2,059,566 17 
l  . Graphics areas in subdiscipline journals. 
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GSAB 2005-633 21 10 10,988,250 1,397,485 13 
GSAB 2005-736 9.5 8 4,970,875 1,075,482 22 
GSAB 2005-879 8 5 4,186,000 636,538 15 
GSAB 2005-887 14.5 10 7,587,125 1,339,473 18 
GW 2005-113 8.5 6 4,463,350 1,078,179 24 
GW 2005-178 9 8 4,450,500 1,175,985 26 
GW 2005-200 15 7 7,417,500 931,709 13 
GW 2005-231 10.5 9 5,192,250 1,242,569 24 
GW 2005-250 9 7 4,450,500 865,011 19 
GW 2005-30 9.5 9 4,988,450 1,443,760 29 
GW 2005-336 6 8 2,967,000 1,322,221 45 
GW 2005-381 7.5 4 3,708,750 451,011 12 
GW 2005-401 6.5 5 3,214,250 737,525 23 
GW 2005-423 10.5 11 5,192,250 2,398,024 46 
GW 2005-511 6.5 7 3,214,250 1,523,839 47 
GW 2005-545 11 9 5,439,500 2,157,427 40 
GW 2005-557 16.5 14 8,159,250 3,185,520 39 
GW 2005-70 16.5 13 8,664,150 3,004,220 35 
GW 2005-787 8 5 3,956,000 1,203,138 30 
GW 2005-796 9.5 5 4,697,750 1,576,004 34 
Gw 2005-843 6.5 5 3,214,250 1,142,956 36 
GW 2005-863 14 11 6,923,000 2,193,000 32 
GW 2005-916 9.5 4 4,697,750 1,093,016 23 
GW 2005-926 8.5 7 4,203,250 1,301,351 31 
JGRB 2004-01310 14 13 6,592,950 3,292,315 50 
JGRB 2005-01106 10 9 4,709,250 2,171,743 46 
JGRB 2005-01203 10.5 12 4,944,713 2,906,413 59 
JGRB 2005-02210 9 9 4,238,325 2,258,272 53 
JGRB 2005-02404 10.5 9 4,944,713 2,430,548 49 
JGRB 2005-03206 16 17 7,534,800 4,356,010 58 
JGRB 2005-03301 12 13 5,651,100 3,488,620 62 
JGRB 2005-03404 10.5 9 4,944,713 2,766,275 56 
JGRB 2005-06401 13 5 6,122,025 1,800,971 29 
JGRB 2005-07102 21.5 18 10,124,888 4,482,214 44 
JGRB 2005-08206 17 7 8,005,725 1,630,668 20 
JGRB 2005-08404 9.5 10 4,473,788 2,370,912 53 
JGRB 2005-09408 14 14 6,592,950 3,449,678 52 
JGRB 2005-10203 10 10 4,709,250 2,377,337 50 
JGRB 2005-10405 12 5 5,651,100 1,303,164 23 
JGRB 2005-11202 16.5 9 7,770,263 2,235,775 29 
JGRB 2005-11401 11.5 8 5,415,638 1,844,735 34 
JGRB 2005-12201 10.5 7 4,944,713 1,751,015 35 
JGRB 2005-12407 15 6 7,063,875 1,361,394 19 
JGRB 2005-7404 7 9 3,296,475 2,185,457 66 
JSR 2005-1011 17 18 8,568,000 5,352,971 62 
JSR 2005-134 14 11 7,056,000 2,855,187 40 
JSR 2005-200 15.5 9 7,812,000 2,419,843 31 
JSR 2005-268 11.5 7 5,796,000 1,796,373 31 
JSR 2005-29 13.5 11 6,804,000 2,966,502 44 
JSR 2005-300 13 12 6,552,000 4,039,950 62 
JSR 2005-350 18.5 14 9,324,000 4,324,326 46 
JSR 2005-398 10.5 8 5,292,000 2,382,004 45 
JSR 2005-420 20 14 10,080,000 4,049,494 40 
JSR 2005-464 12 10 6,048,000 3,199,832 53 
JSR 2005-476 15.5 14 7,812,000 3,862,325 49 
JSR 2005-562 9.5 11 4,788,000 3,196,469 67 
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JSR 2005-6 5.5 5 2,772,000 2,402,258 87 
JSR 2005-608 12.5 9 6,300,000 2,513,498 40 
JSR 2005-665 13.5 9 6,804,000 2,360,076 35 
JSR 2005-798 22 15 11,088,000 3,374,129 30 
JSR 2005-897 9.5 7 4,788,000 1,526,074 32 
JSR 2005-943 17 17 8,568,000 2,864,679 33 
JSR 2005-97 16 10 8,064,000 1,678,003 21 
JSR 2005-984 12.5 9 6,300,000 194,158 22 
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Article Code Figure Type Role 
AAPGB 2005-81 1 M IX 
 2 C B 
 3 M R 
 4 M R 
 5 M R 
 6 M R 
 7 M R 
 8 XS R 
 9 M R 
 10 M R 
 11 M R 
 12 M R 
 13 M R 
 14 XS R 
 15 G R 
 16 M R 
 17 M R 
 18 G M 
AAPGB 2005-119 1 M IX 
 2 M B 
 3 M IX 
 4 XS B 
 5 G R 
 6 BD M 
 7 XS B 
 8 M M 
 9 XS M 
AAPGB 2005-231 1 M IX 
 1 M IX 
 2 C B 
 3 C R 
 4 P R 
 5 C R 
 6 XS R 
 7 XS R 
 8 P R 
 9 M M 
 10 M R 
AAPGB 2005-255 257 M IX 
 258 XS B 
 259 C B 
 260 M R 
 262 M R 
 264 M R 
 264 M R 
 266 M R 
AAPGB 2005-329 1 XS B 
 2 M IX 
 3 C B 
 4 P R 
 5 P R 
Article Code Figure Type Role 
 6 SK R 
 7 SK R 
 8 G R 
 9 P R 
 9 P R 
 10 XS M 
 11 P R 
 12 G R 
 13 G R 
 14 G M 
 15 G M 
 16 XS M 
AAPGB 2005-447 1 M IX 
 2 C B 
 3 C R 
 4 P R 
 5 P R 
 6 C R 
 7 XS R 
 8 3D R 
 9 M R 
 10 M R 
 11 M R 
 12 BD M 
AAPGB 2005-507 1 M IX 
 2 C B 
 3 D T 
 4 XS T 
 5 3D R 
 6 3D R 
 7 3D R 
 8 D M 
 9 G R 
 10 3D R 
 11 G R 
 12 G R 
 13 3D R 
 14 G R 
 15 XS R 
 16 G R 
AAPGB 2005-603 1 P R 
 2 G B 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
4. Graphics type and rhetorical role assignments for subdiscipline journals. For the graphics 
type: M = map; C = column; XS = cross-section; P = photograph; SK = sketch; D = diagram; and G 
= graph. For the rhetorical role: IX = index map; R = results; B = background; M = conceptual 
model; and T = techniques or methods. 
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 12 G M 
 13 G M 
AAPGB 2005-645 1 M IX 
 2 M IX 
 3 C B 
 4 P R 
 5 C R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 XS M 
 11 XS R 
 12 M R 
 13 XS R 
 14 M R 
AAPGB 2005-753 1 M IX 
 2 C B 
 3 M IX 
 4 XS R 
 5 XS R 
 6 XS B 
 7 XS R 
 8 XS R 
 9 XS R 
 10 XS B 
 11 XS R 
 12 XS R 
 13 XS R 
 14 XS R 
 15 XS M 
 16 XS R 
 16 XS R 
 17 M R 
 18 XS M 
 19 XS M 
AAPBG 2005-799 1 M IX 
 2 XS B 
 3 C B 
 4 XS R 
 5 C R 
 6 XS R 
 7 M R 
 8 P R 
 9 P R 
 10 P R 
 11 P R 
 12 P R 
AAPGB 2005-821 1 M IX 
 2 M IX 
 3 G R 
 4 G R 
 5 M R 
 6 G R 
Article Code Figure Type Role 
AAPGB 2005-897 1 M IX 
 2 C B 
 3 C R 
 4 XS R 
 5 C R 
 6 C B 
 7 M IX 
 8 XS R 
 9 G R 
 10 M R 
 11 P R 
 12 G R 
 13 P R 
 14 P R 
 15 M R 
 16 G R 
 17 XS R 
 18 XS M 
AAPGB 2005-1043 1 M IX 
 2 M R 
 3 XS R 
 4 XS R 
 5 G R 
 6 G R 
 7 BD M 
 8 M M 
 9 3D R 
 10 XS R 
 10 XS R 
 11 D M 
 12 XS R 
 12 XS R 
 13 G R 
 14 D M 
 15 BD M 
 16 M R 
AAPGB 2005-1081 1 P R 
 2 M M 
 3 P R 
 4 P R 
 5 P R 
 6 P R 
AAPGB 2005-1157 1 M IX 
 2 C B 
 3 M IX 
 4 XS B 
 5 P IX 
 6 P R 
 7 C R 
 8 G R 
 9 SK R 
 10 C R 
 11 G R 
 12 BD M 
Appendix A (Continued) 
Table 14 (Continued) 
168 
Article Code Figure Type Role 
 13 M M 
AAPGB 2005-1319 1 M IX 
 2 M R 
 3 M R 
 4 C R 
 5 P R 
 6 C R 
 7 M R 
 8 XS R 
 9 M R 
 10 G R 
 11 P R 
 12 P R 
 13 G R 
 14 C R 
 15 P R 
 16 G M 
AAPGB 2005-1475 1 M IX 
 2 XS B 
 3 XS R 
 4 D B 
 5 XS R 
 6 G R 
 7 G R 
 8 XS M 
 9 G R 
 10 G R 
 11 XS R 
 12 XS M 
 13 XS R 
 14 XS R 
AAPGB 2005-1519 1 M IX 
 2 C B 
 3 M IX 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 M R 
 11 G R 
 12 G R 
 13 G R 
 14 M M 
AAPGB 2005-1629 1 M IX 
 2 C B 
 3 G R 
 4 XS R 
 5 G R 
 6 G R 
 7 XS R 
 8 G R 
 9 XS R 
Article Code Figure Type Role 
 10 XS R 
 11 G R 
GCA 2005-83 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
GCA 2005-283 1 G R 
 2 G R 
GCA 2005-305 1 M IX 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
GCA 2005-389 1 D B 
 2 P R 
 3 G R 
 4 G R 
 5 G R 
 6 G B 
 7 G R 
GCA 2005-465 1 G B 
 2 G B 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
GCA 2005-599 1 G R 
 2 G R 
 3 D M 
GCA 2005-763 1 P R 
 2 P R 
 3 P R 
 4 P R 
 5 P R 
 6 G R 
GCA 2005-875 1 G R 
 2 G R 
 A1 G R 
 A2 G R 
 A3 G R 
 A4 G R 
 A5 G R 
 A6 G R 
 A7 G R 
 A8 G R 
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 A9 G R 
GCA 2005-905 1 D B 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
GCA 2005-1085 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 D M 
GCA 2005-1165 1 G R 
 2 G R 
 3 G M 
 4 G R 
 5 G R 
GCA 2005-1349 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
GCA 2005-1555 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
GCA 2005-1841 1 P T 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
GCA 2005-2891 1 G R 
 2 G R 
 3 G R 
 4 P R 
 5 P R 
GCA 2005-3711 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
Article Code Figure Type Role 
GCA 2005-4535 1 P R 
 2 P R 
 3 P R 
 4 P R 
 5 P R 
 6 P R 
 7 P R 
 8 P R 
 9 P R 
 10 P R 
 11 P R 
 12 P R 
 13 P R 
 14 G R 
 15 G R 
 16 G R 
 17 P R 
 18 P R 
 19 P R 
 20 P R 
 21 P R 
 22 G R 
 23 G R 
GCA 2005-4895 1 G R 
 2 G R 
 3 G R 
 4 P IX 
 5 G R 
 6 G R 
GCA 2005-5317 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G M 
GCA 2005-5477 1 M IX 
 2 D B 
 3 G R 
 4 G R 
GSAB 2005-3 1 M IX 
 2 M IX 
 3 C R 
 4 C R 
 5 P R 
 5 P R 
 6 G R 
 7 BD M 
 8 D M 
GSAB 2005-32 1 M IX 
 2 P R 
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 3 G R 
 4 R R 
 5 G R 
 6 G R 
 7 G R 
 8 P R 
 9 D M 
GSAB 2005-46 1 M IX 
 2 C B 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
 12 G R 
 13 G R 
GSAB 2005-195 1 G B 
 2 G B 
 3 M IX 
 4 P R 
 5 XS R 
 6 XS R 
 7 G R 
 8 G R 
 9 G R 
 10 P R 
 11 G R 
 12 G R 
 13 G R 
 14 P R 
 15 P M 
 16 D M 
GSAB 2005-276 1 M IX 
 2 C B 
 3 P R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
GSAB 2005-383 1 M IX 
 2 M R 
 3 M R 
 4 XS R 
 5 P R 
 6 M R 
 7 P R 
 8 P R 
 9 BD M 
 9 BD M 
GSAB 2005-547 1  M IX 
Article Code Figure Type Role 
 2 M IX 
 3 C B 
 4 G B 
 5 G B 
 6 G R 
 7 XS R 
 8 M R 
 9 XS R 
 10 XS R 
 11 XS R 
 12 XS R 
 13 M M 
 14 G M 
 15 M M 
GSAB 2005-633 1 M IX 
 2 M IX 
 3 M R 
 4 G R 
 5 G R 
 6 C R 
 7 C R 
 8 G B 
 9 G R 
 10 XS M 
GSAB 2005-736 1 M IX 
 2 M IX 
 3 P R 
 4 G R 
 5 XS R 
 6 P R 
 7 P R 
 8 XS M 
GSAB 2005-879 1 M IX 
 2 M IX 
 3 P R 
 4 P R 
 5 M R 
GSAB 2005-887 1 M IX 
 2 M IX 
 3 M IX 
 4 P IX 
 5 P R 
 6 M R 
 7 XS R 
 8 M R 
 9 BD M 
 10 XS T 
GSAB 2005-1070 1 M IX 
 2 G R 
 3 M R 
 4 M R 
 5 M R 
 6 M R 
 7 M R 
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 8 M R 
 8 M R 
GSAB 2005-1134 1 M IX 
 2 M R 
 3 G R 
 4 XS R 
 5 P R 
 6 P R 
 7 G R 
 8 G R 
GSAB 2005-1167 1 M IX 
 2 M R 
 3 M R 
 4 M R 
 5 P R 
 6 M R 
 7 M R 
 8 M R 
 9 M R 
 10 M R 
 11 M R 
 12 M R 
GSAB 2005-1226 1 M IX 
 2 M B 
 3 M IX 
 4 C B 
 5 C R 
 6 P R 
 7 P R 
 8 P R 
GSAB 2005-1336 1 M IX 
 2 M IX 
 3 XS B 
 4 P R 
 5 P R 
 6 G R 
 7 M R 
GSAB 2005-1387 1 M IX 
 2 M IX 
 3 XS B 
 4 C B 
 5 P R 
 6 G R 
 7 G R 
 8 G R 
 9 BD T 
GSAB 2005-1466 1 M IX 
 2 P IX 
 3 G R 
 4 C R 
 5 XS R 
 6 G R 
 7 G R 
 8 G R 
Article Code Figure Type Role 
GSAB 2005-1481 1 G B 
 2 M IX 
 3 XS R 
 4 M R 
 5 M IX 
 6 P R 
 7 G R 
 8 M R 
 9 P R 
 10 XS R 
 11 XS R 
 12 P R 
 13 C R 
 14 P R 
GSAB 2005-1513 1 M IX 
 2 G R 
 3 M IX 
 4 XS B 
 5 G R 
 6 XS R 
 7 G R 
 8 P R 
 9 P R 
 10 C R 
 11 P R 
 12 M M 
GW 2005-30 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
GW 2005-70 1 D B 
 2 D B 
 3 D T 
 4 M IX 
 5 XS R 
 6 M IX 
 7 XS R 
 8 M IX 
 9 XS R 
 10 X R 
 11 G R 
 12 D T 
 13 G R 
GW 2005-113 1 D T 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
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GW 2005-178 1 M IX 
 2 M IX 
 3 G R 
 4 G R 
 5 G R 
 6 M R 
 7 M R 
 8 G R 
GW 2005-200 1 M IX 
 2 M R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
GW 2005-231 1 M IX 
 2 D B 
 3 D T 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
GW 2005-250 1 D B 
 2 M IX 
 3 G R 
 4 G R 
 5 G R 
 6 M R 
 7 M M 
GW 2005-336 1 M IX 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 M R 
GW 2005-381 1 M IX 
 2 G R 
 3 G R 
 4 M R 
GW 2005-401 1 G B 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
GW 2005-423 1 G B 
 2 G B 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
Article Code Figure Type Role 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
GW 2005-511 1 D T 
 2 D T 
 3 D T 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
GW 2005-545 1 M IX 
 2 P IX 
 3 XS B 
 4 G R 
 5 XS T 
 6 G R 
 7 G R 
 8 G R 
 9 XS R 
GW 2005-557 1 D T 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 P R 
 7 G R 
 8 XS M 
 9 XS M 
 10 D M 
 11 G R 
 12 G R 
 13 G R 
 14 G R 
GW 2005-787 1 M IX 
 2 M R 
 3 G R 
 4 G R 
 5 G R 
GW 2005-796 1 M IX 
 2 G R 
 3 M R 
 4 G R 
 5 G R 
 6 G R 
Gw 2005-843 1 G B 
 2 G B 
 3 M R 
 4 M R 
 5 M R 
GW 2005-863 1 M IX 
 2 P R 
 3 G R 
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 4 BD T 
 5 M R 
 6 G R 
 7 G R 
 8 M R 
 9 G R 
 10 M R 
 11 G R 
GW 2005-916 1 M IX 
 2 G R 
 3 M R 
 4 M R 
GW 2005-926 1 XS R 
 2 XS R 
 3 M R 
 4 3D R 
 5 G R 
 6 G R 
JGRB 2005-01106 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 M R 
 8 G R 
 9 G R 
JGRB 2005-01203 1 D B 
 2 G B 
 3 G B 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
 12 G R 
JGRB 2004-01310 1 M IX 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
 12 G R 
 13 G R 
JGRB 2005-02210 1 P IX 
 2 G B 
Article Code Figure Type Role 
 3 G B 
 4 D T 
 5 G R 
 6 G R 
 7 G R 
 8 D T 
 9 G R 
JGRB 2005-02404 1 P IX 
 2 G B 
 3 P R 
 4 P R 
 5 BD IX 
 6 S IX 
 7 G R 
 8 P R 
 9 P R 
JGRB 2005-03206 1 M IX 
 2 D T 
 3 D T 
 4 D B 
 5 D T 
 6 G R 
 7 M R 
 8 M T 
 9 G R 
 10 G R 
 11 G R 
 12 M R 
 13 XS R 
 14 M R 
 15 3D R 
 16 M R 
 17 M R 
JGRB 2005-03301 1 M IX 
 2 G T 
 3 G T 
 4 G R 
 5 G R 
 6 XS T 
 7 XS T 
 8 G R 
 9 XS R 
 10 XS R 
 11 G R 
 12 G R 
 13 G E 
JGRB 2005-03404 1 XS T 
 2 XS R 
 3 XS R 
 4 XS M 
 5 G R 
 6 G R 
 7 G R 
 8 D M 
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 9 D M 
JGRB 2005-06401 1 G R 
 2 G R 
 3 M R 
 4 M R 
 5 G R 
JGRB 2005-07102 1 M IX 
 2 M IX 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
 12 G R 
 13 G R 
 14 G R 
 15 G R 
 16 G R 
 17 G R 
 18 M R 
JGRB 2005-7404 1 M IX 
 2 G R 
 3 P R 
 4 P R 
 5 G R 
 6 G R 
 7 G R 
 8 P R 
 9 P R 
JGRB 2005-08206 1 XS T 
 2 D T 
 3 XS R 
 4 XS R 
 5 G R 
 6 G R 
JGRB 2005-08404 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
JGRB 2005-09408 1 M IX 
 2 M IX 
 3 M B 
 4 G R 
 5 M R 
Article Code Figure Type Role 
 6 XS R 
 7 M R 
 8 M R 
 9 M R 
 10 M R 
 11 XS R 
 12 XS R 
 13 M R 
 14 XS R 
JGRB 2005-10203 1 D T 
 2 BD IX 
 3 D T 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
JGRB 2005-10405 1 M IX 
 2 G R 
 3 M R 
 4 M R 
 5 M M 
JGRB 2005-11202 1 M IX 
 2 C B 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
JGRB 2005-11401 1 M IX 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
JGRB 2005-12201 1 G R 
 2 G R 
 3 G R 
 4 G R 
 5 P R 
 6 P R 
 7 G R 
 8 D M 
JGRB 2005-12407 1 G B 
 2 G B 
 3 D T 
 4 G R 
 5 G R 
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 6 G R 
JSR 2005-6 1 D T 
 2 P R 
 3 P R 
 4 XS R 
 5 G R 
JSR 2005-29 1 M IX 
 2 P R 
 3 G R 
 4 M R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 M R 
 11 G R 
JSR 2005-97 1 M IX 
 2 XS R 
 3 P R 
 4 P T 
 5 G R 
 6 C R 
 7 P R 
 8 P R 
 9 XS R 
 10 G R 
JSR 2005-134 1 M IX 
 2 G B 
 3 XS R 
 4 XS R 
 5 M R 
 6 C R 
 7 XS R 
 8 XS R 
 9 M R 
 10 XS R 
 11 BS M 
JSR 2005-200 1 M IX 
 2 M IX 
 3 M R 
 4 D R 
 5 P R 
 6 P R 
 7 P R 
 8 D R 
 9 P R 
 10 D M 
JSR 2005-268 1 M IX 
 2 XS B 
 3 C B 
 4 G R 
 5 G R 
 6 G R 
Article Code Figure Type Role 
 7 M M 
JSR 2005-300 1 M IX 
 2 M B 
 3 C B 
 4 P R 
 4 P R 
 5 G R 
 6 P R 
 7 C R 
 8 XS R 
 9 C R 
 10 C R 
 11 XS M 
 12 BD M 
JSR 2005-350 1 M IX 
 2 C B 
 3 C B 
 4 M IX 
 5 XS R 
 6 C R 
 7 C R 
 8 XS R 
 9 P R 
 10 P R 
 11 XS R 
 12 XS R 
 13 C R 
 14 G M 
JSR 2005-398 1 M IX 
 2 G R 
 3 G R 
 4 G R 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
JSR 2005-420 1 M IX 
 2 XS B 
 3 XS R 
 4 P R 
 5 P R 
 6 SK R 
 7 P R 
 8 C R 
 9 XS R 
 10 XS R 
 11 P R 
 12 M R 
 13 XS M 
 14 BD M 
JSR 2005-464 1 M IX 
 2 G B 
 3 G R 
 4 G R 
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 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
JSR 2005-476 1 M IX 
 2 M B 
 3 C B 
 4 C R 
 5 P R 
 6 G R 
 7 G R 
 8 G R 
 9 G R 
 10 G R 
 11 G R 
 12 G R 
 13 G R 
 14 G R 
JSR 2005-562 1 M IX 
 2 P R 
 3 P R 
 4 P R 
 5 P R 
 6 P R 
 7 G R 
 8 P R 
 9 G R 
 10 P R 
 11 G R 
JSR 2005-608 1 M IX 
 2 M IX 
 3 M R 
 4 XS R 
 5 C R 
 6 XS R 
 7 XS R 
 8 G R 
 9 G M 
JSR 2005-665 1 P IX 
 2 M IX 
 3 M IX 
 4 P R 
 5 M R 
 6 M R 
 7 G R 
 8 M R 
 9 M M 
JSR 2005-798 1 M IX 
 2 M IX 
 3 XS B 
 4 C R 
 5 D R 
Article Code Figure Type Role 
 6 XS R 
 7 G R 
 8 D R 
 9 G R 
 10 P R 
 11 P R 
 12 C R 
 13 D R 
 14 G R 
 15 M M 
JSR 2005-897 1 M IX 
 2 M B 
 3 P R 
 4 P R 
 5 P R 
 6 P R 
 7 P R 
JSR 2005-943 1 M IX 
 2 C B 
 3 XS B 
 4 P R 
 5 P R 
 6 P R 
 7 G R 
 8 G R 
 9 P R 
 10 P R 
 11 P R 
 12 P R 
 13 P R 
 14 P R 
 15 G B 
 16 G B 
 17 XS M 
JSR 2005-984 1 M IX 
 2 C B 
 3 C R 
 4 P R 
 5 P R 
 6 C R 
 7 M M 
 8 C R 
 9 G R 
JSR 2005-1011 1 M IX 
 2 C B 
 3 XS B 
 4 C B 
 5 G R 
 6 G R 
 7 G R 
 8 G R 
 9 XS R 
 10 XS R 
 11 XS R 
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 12 G R 
 13 XS R 
 14 XS R 
 15 XS R 
 16 G R 
 17 XS M 
 18 XS R 
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Article Code Page Type Role 
1945-39 1 XS DR 
 2 M IX 
 3 P DR 
 4 P DR 
1945-247 1 P DR 
 2 P DR 
 3 P DR 
1945-389 3 XS DR 
 5 XS DR 
 7 XS DR 
 8 XS DR 
1945-431 1 M DR 
 2 CG DR 
1945-737 4 C DR 
 5 CG DR 
 9 TD DR 
 10 C DR 
 12 CG DR 
 14 TD DR 
1945-783 2 M IX 
 2 XS DR 
 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 7 M DR 
1945-819 6 BD M 
1945-893 2 M IX 
 3 P DR 
 3 P DR 
 4 P DR 
 4 P DR 
 6 M IX 
 9 P DR 
 9 P DR 
 10 P DR 
 10 P DR 
 15 P DR 
 15 P DR 
 16 P DR 
 16 P DR 
 19 P DR 
 19 P DR 
 20 P DR 
 20 P DR 
1945-909 93 P DR 
 94 P DR 
 97 P DR 
 98 P DR 
 101 P DR 
 102 P DR 
 105 P DR 
 106 P DR 
Article Code Page Type Role 
 109 P DR 
 110 P DR 
 113 P DR 
 114 P DR 
 117 P DR 
 118 P DR 
 121 P DR 
1945-1071 3 P DR 
 3 P DR 
 4 P DR 
 4 P DR 
1950-27 3 M IX 
 10 XS DR 
 11 XS DR 
 13 XS DR 
1950-449 1 M DR 
 4 M IX 
 6 C DR 
 7 M DR 
 23 RD DR 
 25 CG DR 
 26 CG DR 
 34 P DR 
 35 XS M 
 37 RD DR 
 37 RD DR 
 38 CG M 
1950-759 4 CG DM 
 5 M IX 
 6 C DM 
 7 M IX 
 9 CG DR 
 12 D B 
 13 CG DR 
 14 CG DR 
 16 XS DR 
 17 XS DR 
 18 CG DR 
 27 CG DR 
1950-789 8 M IX 
 10 SK DR 
 10 SK DR 
 12 SK DR 
 13 P DR 
 13 P DR 
 13 P DR 
 14 P DR 
 14 P DR 
 15 SK DR 
 15 SK DR 
 15 SK DR 
 18 SK DR 
 18 SK DR 
 19 SK DR 
l  5. Graphics type and rhetorical role assignments for GSA Bulletin. For the graphics type: 
M = map; C = column; XS = cross-section; P = photograph; SK = sketch; D = diagram; and G = 
graph. For the rhetorical role: IX = index map; R = results; B = background; M = conceptual 
model; and T = techniques or methods. 
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 21 SK DR 
 22 SK DR 
 22 SK DR 
 23 SK DR 
 23 SK DR 
 24 SK DR 
 24 SK DR 
 25 SK DR 
 27 P DR 
 27 P DR 
 28 P DR 
 28 P DR 
 29 P DR 
 29 P DR 
 30 P DR 
 30 P DR 
 33 SK DR 
 45 M B 
 45 SK DR 
 46 SK DR 
 46 SK DR 
1950-835 1 M DR 
1950-1217 1 M DR 
 3 M IX 
 8 M DR 
1950-1265 1 M IX 
 5 SK DR 
 8 SK DR 
 12 P DR 
 12 P DR 
 12 P DR 
 12 P DR 
 12 P DR 
 12 P DR 
 13 P DR 
 13 P DR 
 13 P DR 
 13 P DR 
 13 P DR 
 13 P DR 
 14 P DR 
 14 P DR 
 14 P DR 
 14 P DR 
 14 P DR 
 15 P DR 
 15 P DR 
 15 P DR 
 15 P DR 
 17 SK DR 
 17 SK DR 
 21 SK DR 
 22 SK DR 
 24 SK DR 
 25 SK DR 
 25 SK DR 
 26 D DR 
 26 D DR 
Article Code Page Type Role 
 27 D DR 
 27 RD DR 
 28 RD DR 
 28 D DR 
 29 SK DR 
 30 M DR 
 32 D DR 
 33 M DR 
 34 SK DR 
 35 D DR 
 35 XS M 
 36 RD DR 
 37 M DR 
 39 M DR 
 40 RD DR 
 41 RD DR 
 43 RD DR 
 44 CG DR 
 45 CG DR 
 46 RD DR 
 47 RD DR 
1950-1347 2 M IX 
 3 XS IX 
 5 P IX 
 6 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
1955-9 1 M DR 
 5 M IX 
 8 CG DR 
 8 SK DR 
 9 CG DR 
 14 SK DR 
 16 P DR 
 16 P DR 
 16 P DR 
 16 P DR 
 17 P DR 
 17 P DR 
 18 P DR 
 18 P DR 
 19 P DR 
 19 P DR 
 19 P DR 
 22 SK DR 
 26 D M 
 26 D M 
 27 CG DR 
 30 CG DR 
 32 CG DR 
 36 SK DR 
 37 SK DR 
 38 CG DR 
 40 BD M 
1955-177 1 XS DR 
 3 M IX 
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 5 XS DR 
 14 P DR 
 14 P DR 
 15 P DR 
 15 P DR 
 15 P DR 
 21 XS DR 
 23 XS M 
 29 XS DR 
1955-427 4 M IX 
1955-731 1 P IX 
 4 M IX 
 5 M DR 
 6 XS DR 
 6 XS DR 
 13 XS DR 
 14 M DR 
  XS M 
  XS M 
 16 XS M 
 17 M DR 
 20 P DR 
 20 P DR 
 21 P DR 
 21 P DR 
 21 P DR 
 21 P DR 
 22 P DR 
 22 P DR 
 22 P DR 
 22 P DR 
 23 P DR 
 23 P DR 
 23 P DR 
 23 P DR 
 23 P DR 
 23 P DR 
 25 CG DR 
 25 CG DR 
 26 CG DR 
 26 M DR 
1955-789 2 M IX 
 3 SK B 
 4 D DR 
 5 D DR 
 5 D DR 
 7 D DR 
 8 M DR 
 10 D M 
 12 M DR 
 13 M M 
1955-913 13 M IX 
 15 CG DR 
 16 CG DR 
 17 CG DR 
 18 CG DR 
 19 CG DR 
 20 CG DR 
Article Code Page Type Role 
  RD DR 
1955-1075 4 CG DR 
 6 CG DR 
 7 CG DR 
 10 CG DR 
 13 CG DR 
 14 CG DR 
 15 CG DR 
 18 CG DR 
 19 CG DR 
1955-1109 4 M IX 
 7 M DR 
 9 P DR 
 9 P DR 
 10 P DR 
 10 P DR 
 11 P DR 
 11 P DR 
 12 P DR 
 12 P DR 
 18 CG B 
1955-1257 2 D B 
 3 D DM 
 4 P DM 
 5 P DM 
 5 P DR 
 6 D DM 
 7 D B 
 9 CG DR 
 10 RD DR 
 13 CG DR 
 15 D B 
 16 RD DR 
 17 RD M 
1955-1489 1 M DR 
 3 M DR 
 5 M DR 
 6 M DR 
 7 XS DR 
 8 XS DR 
 9 M DR 
1960-145 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
 6 P DR 
 8 CG B 
 8 CG B 
1960-181 1 M DR 
 4 M IX 
 5 M IX 
 6 XS IX 
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 7 M M 
 11 C DR 
 12 C DR 
 13 C DR 
 19 SK DR 
 20 M DR 
 25 M DR 
 27 M DR 
 30 SK DR 
 31 SK DR 
 34 XS M 
 37 M DR 
1960-303 1 M DR 
 5 D DR 
 8 P DR 
 8 P DR 
 9 P DR 
 9 P DR 
 12 M DR 
 15 CG B 
1960-1067 2 M IX 
 7 P DM 
 8 P DR 
 8 P DR 
 9 P DR 
 9 P DR 
 10 P DR 
 10 P DR 
1960-1189 1 M DR 
 18 P DR 
 18 P DR 
 18 P DR 
 18 P DR 
 20 CG DR 
 22 CG DR 
 23 CG DR 
1960-1211 2 M DR 
1960-1243 3 M IX 
 7 XS DR 
 8 M DR 
 8 M DR 
 13 M DR 
1960-1383 1 M DR 
 4 M IX 
 14 P DR 
 14 P DR 
 14 P DR 
 14 P DR 
 15 P DR 
 15 P DR 
 15 P DR 
 15 P DR 
 16 P DR 
 16 P DR 
 16 P DR 
 16 P DR 
 17 P DR 
 17 P DR 
Article Code Page Type Role 
 17 P DR 
 17 P DR 
 19 M M 
 20 XS DR 
 21 M M 
 21 CG DR 
 35 SK DR 
1960-1491 1 CG DR 
 5 M IX 
 6 M IX 
 11 M IX 
 13 M IX 
 14 M IX 
1960-1589 1 M DR 
 6 M IX 
 7 M IX 
 10 P DR 
 10 P DR 
 10 P DR 
 10 P DR 
 11 P DR 
 11 P DR 
 11 P DR 
 12 P DR 
 12 P DR 
 13 P DR 
 13 P DR 
 14 SK DR 
 15 XS DR 
 17 C M 
 18 SK DR 
 20 SK DR 
 23 CG M 
 29 TD DR 
 30 SK DR 
 31 SK DR 
 31 TD DR 
 33 SK DR 
 36 TD DR 
 36 TD DR 
 37 CG DR 
 38 CG DR 
 46 CG DR 
 54 CG DR 
 54 CG DR 
1965-43 1 M DR 
 3 M IX 
 5 XS DR 
 6 P DR 
 6 P DR 
 7 P DR 
 7 P DR 
 13 SK DR 
1965-165 6 CG DR 
 7 CG DR 
1965-223 1 M DR 
 4 M IX 
 7 SK DR 
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 8 SK DR 
 9 M DR 
 10 BD IX 
 11 SK DR 
 12 RD DR 
 13 RD DR 
 14 RD DR 
 15 RD DR 
 16 RD DR 
 17 RD DR 
 18 RD DR 
 19 RD DR 
 21 RD DR 
 23 P DR 
 23 P DR 
 24 P DR 
 24 P DR 
 26 M DR 
 27 RD DR 
 28 D M 
 29 RD M 
 31 RD DR 
 32 M DR 
1965-483 4 M IX 
 8 SK DR 
 9 SK DR 
 9 SK DR 
 10 SK DR 
 10 SK DR 
 11 SK DR 
 14 TD DR 
 17 TD DR 
 21 TD DR 
 22 TD DR 
 23 TD DR 
1965-651 1 M DR 
 3 M IX 
 6 CC B 
 8 M IX 
 14 P DR 
 14 P DR 
 15 P DR 
 15 P DR 
1965-665 3 M IX 
 5 RD DR 
1965-735 9 M IX 
 10 CG DR 
 11 M DR 
 13 CG DR 
 14 CG DR 
 16 CG DR 
 17 CG DR 
 17 M IX 
1965-981 1 M DR 
 4 M IX 
 6 M DR 
 8 P DR 
 8 P DR 
Article Code Page Type Role 
 9 P DR 
 9 P DR 
 9 P DR 
 9 P DR 
 12 XS DR 
 13 M DR 
 18 RD DR 
 21 XS DR 
 22 CG B 
1965-1027 1 M DR 
 4 M IX 
 5 CC B 
 15 XS M 
 19 M DR 
 19 D DR 
 20 M DR 
 22 XS DR 
1970-81 3 M IX 
 4 RD DR 
 7 TD  
 9 CG DR 
 11 CG B 
 12 TD DR 
 12 D M 
1970-117 2 M IX 
 3 M IX 
 4 M DR 
 6 RD DR 
 7 RD DR 
1970-469 3 M IX 
 4 CC B 
 5 CC B 
 10 XS DR 
 13 XS M 
 13 XS M 
 15 M M 
1970-1385 2 XS B 
 3 CG DR 
 4 M DR 
 5 M DR 
 6 CG DR 
 6 M DR 
 7 CG DR 
 8 CG DR 
 9 D M 
 10 D M 
 12 D M 
1970-1497 3 CG DR 
 6 CG DR 
 8 CG DR 
 9 CG DR 
 10 CG DR 
 11 CG DR 
 11 CG DR 
 12 TD DR 
 12 TD DR 
 12 CG DR 
 13 CG DR 
Appendix A (Continued) 
Table 15 (Continued) 
183 
Article Code Page Type Role 
 14 CG DR 
 15 CG DR 
 15 CG DR 
 16 CG DR 
 17 CG DR 
1970-1689 6 M IX 
 8 TD DR 
 11 M DR 
1970-1973 3 M IX 
 4 M IX 
 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 8 CG DR 
 9 CG DR 
 9 CG DR 
 14 P DR 
 14 M DR 
 15 M DR 
 16 M DR 
 16 CG DR 
1970-2299 3 M IX 
 5 CG DR 
 5 CG DR 
 9 CG DR 
 10 CG DR 
 10 M IX 
 10 CG DR 
 11 M IX 
 11 CG DR 
 11 CG DR 
 12 CG DR 
 13 CG DR 
 14 CG DR 
 14 CG DR 
1970-2577 2 M DR 
 3 M DR 
 3 M DR 
 4 P DR 
 4 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 5 P DR 
 10 P DR 
 10 P DR 
 11 P DR 
 11 P DR 
 11 P DR 
 11 P DR 
 18 M DR 
1970-2949 3 CG B 
 3 CG DR 
 4 CG DR 
 5 CG DR 
 5 CG DR 
 6 CG DR 
Article Code Page Type Role 
 7 P DR 
 8 D M 
1975-145 2 D DM 
 2 CG DR 
 3 CG DR 
 3 CG DR 
 5 CG DR 
 5 CG DR 
 6 CG DR 
 6 CG DR 
 7 P DR 
1975-213 1 M IX 
 2 XS DR 
 3 M DR 
 4 CG DR 
 5 CG DR 
 5 M IX 
 6 M DR 
 7 XS DR 
 8 XS DR 
 8 XS DR 
 9 M DR 
 10 CG DR 
 11 XS M 
 13 M DR 
1975-443 1 M IX 
 2 M DR 
 3 M DR 
 5 M DR 
 7 RD DR 
1975-939 1 M IX 
 2 M IX 
 3 CG DR 
1975-1131 3 M DR 
 4 CG DR 
 5 M DR 
 6 CG DR 
1975-1209 1 M IX 
 1 M IX 
 3 M DR 
 4 M DR 
 5 M DR 
 6 XS DR 
 7 SK DR 
 7 SK DR 
 8 SK DR 
 8 XS DR 
 9 SK DR 
 11 XS M 
1975-1348 1 M IX 
 2 M IX 
 3 M DR 
 4 M DR 
 5 CG DR 
 6 M DR 
 7 CG DR 
 7 M DR 
 8 M DR 
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 8 M DR 
1975-1499 2 CG DR 
 3 M IX 
 4 CG DR 
 4 CG DR 
 5 CG DR 
 6 CG DR 
 6 CG DR 
 7 CG DR 
 7 CG DR 
 8 CG DR 
 9 CG DR 
 10 CG DR 
 10 CG DR 
 11 CG DR 
1975-1639 2 M IX 
 3 M IX 
 4 M DR 
 5 M DR 
 6 XS DR 
 6 XS DR 
 7 XS DR 
 8 M DR 
 8 M DR 
 9 XS DR 
 9 M IX 
 9 C DR 
 10 XS DR 
 10 M DR 
 10 XS DR 
 10 XS DR 
 11 XS DR 
 11 XS M 
 12 M DR 
 12 XS DR 
 13 M DR 
 13 XS M 
 14 M DR 
1975-1725 1 M IX 
 1 M B 
 2 SK DR 
 2 P DR 
 2 P DR 
 3 P DR 
 3 P DR 
 3 M DR 
 4 RD DR 
 5 M DR 
 5 RD DR 
 6 RD DR 
 6 M DR 
 7 RD DR 
 7 RD DR 
 8 BD M 
1980-16 1 M IX 
 3 CG DR 
1980-110 1 M B 
 1 M DR 
Article Code Page Type Role 
1980-272 2 M IX 
 3 M IX 
 5 P DR 
 5 P DR 
 6 P DR 
 7 P DR 
 8 M DR 
1980-348 2 M IX 
 3 M DR 
 4 M DR 
 5 M DR 
 6 M DR 
 7 M DR 
 8 M DR 
 9 M DR 
 10 CG M 
1980-392 1 M IX 
 2 M IX 
 3 M IX 
 4 CG DR 
1980-433 2 D DM 
 2 P DR 
 3 M IX 
 4 CG DR 
 5 CG DR 
 6 CG DR 
 7 CG DR 
 8 CG DR 
 9 CG DR 
 10 CG DR 
1980-555 2 M IX 
 3 XS DR 
 5 M IX 
 6 BD DR 
 7 P DR 
 9 P DR 
 10 P M 
 11 XS M 
 12 MXS DR 
 13 XS M 
1980-665 2 M IX 
 5 TD DR 
 6 CG DR 
 6 CG DR 
 6 TD DR 
1980-675 2 M DR 
 3 M DR 
 4 P DR 
 5 CG DR 
 5 D M 
1980-713 2 M DR 
 4 M IX 
 5 P DR 
 5 P DR 
 6 M IX 
 7 P DR 
1985-58 2 M IX 
 3 M IX 
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 3 XS IX/B 
 4 M DR 
 6 XS DR 
 7 C DR 
 8 C DR 
 9 P DR 
 10 CG DR 
 11 XS DR 
 12 XS DR 
 13 XS DR 
1985-159 1 M IX 
 2 M IX 
 3 C B 
 7 CG DR 
 7 CG DR 
 8 CG DR 
 11 CG DR 
 11 CG DR 
 13 CG DR 
 13 CG DR 
 15 CG DR 
 15 C DR 
1985-272 2 M IX 
 4 CG DR 
 4 CG DR 
 5 CG DR 
 6 TD DR 
 8 CG DR 
 8 TD DR 
 10 M DR 
1985-328 2 D DR 
 5 M DR 
 6 M B 
 6 M B 
 7 M B 
1985-504 2 XS DR 
 3 M DR 
 4 XS DR 
 4 M DR 
 5 M DR 
 5 XS DR 
 6 M DR 
 6 XS DR 
 7 XS B 
 8 M B 
 8 M IX 
 9 XS DR 
 10 D M 
 11 D M 
 11 D M 
1985-746 2 M IX 
 3 CG M 
 4 M IX 
 5 CG DR 
 5 CG DR 
 6 CG DR 
 7 M M 
 8 CG M 
Article Code Page Type Role 
1985-781 1 M IX 
 2 P DR 
 2 P DR 
 4 CG DR 
 4 CG DR 
 5 CG DR 
 5 CG DR 
 5 CG DR 
 5 CG DR 
 6 CG DR 
 6 P DR 
 6 RD DR 
 8 CG DR 
 8 CG DR 
 9 P DR 
 10 RD DR 
 10 C DR 
1985-817 1 M IX 
 2 M IX 
 4 CC B 
 6 CG B 
 8 D M 
1985-975 1 M IX 
 2 M IX 
 3 XS DR 
 4 XS DR 
 5 XS DR 
 6 XS DR 
 7 XS DR 
 8 XS DR 
 9 XS DR 
 10 XS DR 
 11 M DR 
 12 XS DR 
1985-1457 1 D B 
 2 XS DM 
 3 CG DR 
 3 XS DM 
 4 M IX 
 5 CG B 
 5 M IX 
 6 M IX 
 6 XS B 
 7 CG DR 
 7 M IX 
 7 XS B 
 8 CG DR 
 8 XS DR 
1990-1 2 M IX 
 3 M IX 
 4 P IX 
 5 XS IX 
 5 P IX 
 6 M IX 
 6 XS IX 
 7 SK DR 
 7 P DR 
 9 XS IX 
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 10 SK DR 
 11 M IX 
 11 XS DR 
 12 M IX 
 12 XS DR 
 13 C DR 
 14 P DR 
1990-45 1 XS B 
 2 M IX 
 4 XS DR 
 6 XS DR 
 7 XS DR 
1990-86 2 M IX 
 3 M IX 
 4 P DR 
 6 CG DR 
 7 CG DR 
 7 CG DR 
 8 CG DR 
 10 M M 
 11 CG M 
 12 XS M 
1990-147 2 M IX 
 4 TD DR 
 4 CG DR 
 5 TD DR 
 6 TD DR 
 7 P DR 
 8 SK DR 
 8 P DR 
 9 P DR 
1990-243 2 M IX 
 3 M IX 
 4 M DR 
 4 M DR 
 6 M DR 
 7 XS M 
1990-1038 2 M IX 
 4 C DR 
 4 SK DR 
 5 C DR 
 5 C DR 
 5 C DR 
 6 P DR 
 7 P DR 
 7 D M 
 8 C DR 
 9 M DR 
 10 XS M 
 10 P DR 
 10 XS DR 
 11 XS DR 
 11 XS DR 
 12 CG DR 
 12 XS DR 
 12 D DR 
 12 CG DR 
 13 CG DR 
Article Code Page Type Role 
 14 CG DR 
 14 CG DR 
 15 XS M 
 15 P DR 
 16 XS M 
1990-1297 2 M IX 
 3 M IX 
 4 XS DR 
 5 P DR 
 6 P DR 
 7 RD DR 
 7 XS M 
 8 P DR 
 9 P DR 
 10 CG M 
 10 XS M 
 11 XS B 
1990-1499 2 D B 
 4 M B 
 5 M B 
 5 M DR 
 6 M DR 
 7 M DR 
 9 M DR 
 10 M DR 
 11 M DR 
 12 M DR 
 13 M DR 
 14 M DR 
 15 M DR 
 15 M DR 
1990-1565 2 M IX 
 4 CG DR 
 5 CG DR 
 6 CG DR 
 7 CG DR 
 8 CG DR 
 8 CG DR 
 9 CG DR 
 9 CG DR 
 12 CG DR 
 12 CG DR 
1990-1607 2 M IX 
 3 M IX 
 4 M IX 
 5 C DR 
 6 CG DR 
 7 RD DR 
 9 P DR 
 10 CG DR 
 11 RD DR 
 11 C DR 
 12 CG DR 
 13 CG DR 
 14 XS M 
1995-8 2 M IX 
 3 M B 
 4 M B 
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 4 CG DR 
 7 M DR 
 8 SK DR 
 9 P DR 
1995-148 2 M IX 
 4 RD B 
 5 P DR 
 7 CG DR 
 8 CG DR 
 12 M DR 
 13 CG DR 
 14 XS B 
 15 XS M 
 16 BD M 
1995-180 2 M IX 
 3 M IX 
 5 C B 
 7 M IX 
 9 D B 
 10 TD DR 
 11 CG DR 
 12 CG DR 
 13 CG DR 
 17 XS M 
1995-595 3 CG B 
 5 XS DR 
 6 XS DR 
 7 XS DR 
 8 XS DR 
 9 XS DR 
 10 XS DR 
 11 CG DR 
 12 CG DR 
 12 CG DR 
 13 XS DR 
 14 XS DR 
 15 D M 
1995-725 2 P DR 
 5 D B 
 5 CG DR 
 7 P DR 
 8 P DR 
 9 P DR 
 10 CG DR 
 10 M IX 
 11 P DR 
 12 M IX 
 13 P DR 
 14 P DR 
 15 CG DR 
 15 CG DR 
1995-779 1 P DR 
 2 C B 
 3 M IX 
 4 P DR 
 5 P DR 
 6 RD DR 
 7 RD DR 
Article Code Page Type Role 
 8 RD DR 
 12 CG DR 
 13 CG M 
 13 D M 
 13 P DR 
1995-1033 2 M IX 
 6 M DR 
 7 M DR 
 8 M DR 
 9 M DR 
 10 M DR 
1995-1288 2 M IX 
 3 M IX 
 4 M IX 
 5 C DR 
 6 C DR 
 7 C DR 
 8 C DR 
 9 XS B 
 9 D M 
 11 CG DR 
 11 CG DR 
 12 CG DR 
1995-1304 1 M IX 
 2 C B 
 3 M B 
 4 M B 
 5 CG DR 
 6 P DR 
 6 M DR 
 7 XS DR 
 8 BD DR 
 9 P DR 
 10 CG DR 
 11 RD DR 
 12 XS M 
1995-1317 2 M B 
 3 M IX 
 4 M IX 
 5 CG DR 
 6 M DR 
 7 M DR 
 8 M DR 
 9 M DR 
 10 M DR 
 11 M DR 
 11 M DR 
 12 C DR 
 13 C DR 
2000-929 2 M IX 
 5 RD DR 
 8 RD DR 
 8 RD DR 
 9 M DR 
 9 M DR 
 10 M DR 
 12 CG DR 
 13 XS M 
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2000-1059 2 M IX 
 3 M IX 
 3 P DR 
 4 P DR 
 5 P DR 
 6 CG DR 
 7 CG M 
2000-1106 2 M IX 
 3 M IX 
 4 P IX 
 5 M DR 
 6 M DR 
 7 M DR 
 8 CG DR 
 9 M DR 
 10 M DR 
 11 CG B 
2000-1398 2 M IX 
 3 M DR 
 4 M IX 
 5 M IX 
 6 M B 
 6 M B 
 7 M DR 
 8 M DR 
 8 XS M 
 9 M M 
 10 M M 
 11 M DR 
 12 M M 
 13 M DR 
2000-1414 2 M IX 
 3 C B 
 5 XS B 
 6 M B 
 7 XS DR 
 8 XS DR 
 9 XS DR 
 10 XS DR 
 11 XS DR 
 11 P DR 
 12 M DR 
 14 M M 
2000-1430 2 M IX 
 3 RD DR 
 4 RD DR 
 5 C DR 
 6 ZP DR 
 7 CG DR 
 8 CG DR 
 9 CG DR 
 10 CG DR 
 10 CG DR 
 11 CG DR 
 12 CG DR 
 13 CG DR 
2000-1543 2 M IX 
 3 M DR 
Article Code Page Type Role 
 4 M B 
 5 M DR 
 6 CG DR 
 7 D DR 
 7 CG DR 
 8 M DR 
 9 M B 
 10 CG DR 
 11 CG DR 
 14 M M 
2000-1694 2 M IX 
 3 XS DM 
 4 XS DR 
 5 XS DR 
 6 XS DR 
 6 XS DR 
 6 XS DR 
 7 XS DR 
2000-1804 2 M IX 
 3 M IX 
 4 CG DR 
 4 CG DR 
 5 CG DR 
 6 CG DR 
 6 CG M 
 7 BD M 
 8 CG M 
 9 CG M 
2000-1850 2 M IX 
 3 C B 
 4 M IX 
 5 M DR 
 6 D M 
 7 P DR 
 8 M DR 
 9 M DR 
 9 P DR 
 10 M DR 
 11 P DR 
 12 XS M 
2005-3 2 M IX 
 3 M IX 
 5 C DR 
 6 C DR 
 8 P DR 
 9 P DR 
 11 RD DR 
 12 CG M 
 13 D M 
2005-46 2 M IX 
 3 C DR 
 6 CG DR 
 7 RD DR 
 8 CG DR 
 9 CG DR 
 10 CG DR 
 12 CG DR 
 13 CG DR 
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 14 CG DR 
 15 CG DR 
 16 CG DR 
 19 C DR 
2005-547 2 M IX 
 3 M IX 
 4 C B 
 6 CG DR 
 8 C DR 
 9 TD DR 
 10 XS DR 
 11 M DR 
 12 XS DR 
 13 XS DR 
 14 XS DR 
 15 XS DR 
 18 M M 
 19 CG M 
 21 M M 
2005-633 3 M IX 
 4 M IX 
 5 M IX 
 9 CG DR 
 10 CG DR 
 11 CG DR 
 12 CC DR 
 14 CG B 
 17 XS M 
2005-736 2 M IX 
 3 M IX 
 4 P DR 
 4 P DR 
 5 XS DR 
 6 P DR 
 7 P DR 
 8 D M 
2005-879 1 M IX 
 2 M IX 
 4 RD DR 
 6 RD DR 
 7 M DR 
2005-1134 1 M IX 
 5 M DR 
 6 CG DR 
 6 XS DR 
 7 P DR 
 8 P DR 
 9 CG DR 
 10 CG DR 
2005-1228 3 M IX 
 3 M B 
 4 M IX 
 5 C DR 
 7 C DR 
 9 P DR 
 11 P DR 
 13 P DR 
 14 P DR 
Article Code Page Type Role 
2005-1481 2 M IX 
 3 M B 
 4 XS B 
 5 M DR 
 6 M IX 
 7 M DR 
 7 CG DR 
 8 M IX 
 9 M DR 
 10 XS DR 
 11 M DR 
 12 P DR 
 13 XS DR 
 14 P DR 
2005-1513 2 M IX 
 3 C DR 
 4 M DR 
 5 XS B 
 7 TD DR 
 8 XS DR 
 11 CG DR 
 13 P DR 
 15 P DR 
 16 C DR 
 17 P DR 
 18 M M 
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CREFP1u 
'Anaphor 
reference, 
adjacent, 
unweighted' 
CREFPau 
'Anaphor 
reference, all 
distances, 
unweighted' 
CREFA1u 
'Argument 
Overlap, 
adjacent, 
unweighted' 
CREFAau 
'Argument 
Overlap, all 
distances, 
unweighted' 
CREFS1u 
'Stem Overlap, 
adjacent, 
unweighted' 
CREFSau 
'Stem Overlap, 
all distances, 
unweighted' 
1950 0.159 0.036 0.762 0.638 0.778 0.66 
1950 0.206 0.072 0.619 0.391 0.587 0.374 
1950 0.038 0.012 0.358 0.229 0.453 0.313 
1950 0.114 0.03 0.727 0.473 0.773 0.503 
1950 0.135 0.031 0.459 0.341 0.554 0.432 
1950 0.154 0.054 0.585 0.486 0.646 0.575 
1950 0.077 0.016 0.423 0.42 0.462 0.453 
1950 0.171 0.047 0.357 0.362 0.429 0.409 
1960 0.127 0.036 0.794 0.689 0.873 0.802 
1960 0.169 0.048 0.562 0.388 0.596 0.434 
1960 0.172 0.049 0.563 0.401 0.598 0.445 
1960 0.171 0.045 0.622 0.434 0.683 0.552 
1960 0.07 0.026 0.592 0.489 0.662 0.579 
1960 0.077 0.024 0.679 0.567 0.692 0.605 
1960 0.176 0.058 0.574 0.43 0.721 0.506 
1960 0.138 0.035 0.615 0.499 0.662 0.56 
1960 0.13 0.033 0.674 0.421 0.739 0.486 
1970 0.065 0.013 0.455 0.339 0.545 0.437 
1970 0.092 0.024 0.868 0.771 0.947 0.806 
1970 0.085 0.023 0.671 0.517 0.707 0.573 
1970 0.108 0.028 0.581 0.4 0.689 0.465 
1970 0.088 0.04 0.632 0.507 0.702 0.568 
1970 0.235 0.068 0.593 0.441 0.63 0.511 
1970 0.118 0.024 0.804 0.634 0.882 0.725 
1970 0.03 0.013 0.485 0.397 0.591 0.465 
1970 0.161 0.037 0.758 0.555 0.79 0.616 
1980 0.185 0.077 0.778 0.552 0.796 0.576 
1980 0.138 0.044 0.862 0.739 0.897 0.776 
1980 0.278 0.096 0.926 0.861 0.907 0.869 
1980 0.139 0.037 0.778 0.599 0.875 0.677 
1980 0.042 0.017 0.648 0.475 0.746 0.553 
1980 0.2 0.097 0.514 0.351 0.6 0.348 
1980 0.279 0.088 0.721 0.683 0.767 0.696 
1980 0.053 0.011 0.44 0.342 0.627 0.472 
1980 0.154 0.047 0.516 0.442 0.571 0.449 
1990 0.069 0.02 0.847 0.566 0.861 0.634 
1990 0.133 0.031 0.733 0.528 0.817 0.587 
1990 0.113 0.027 0.597 0.558 0.742 0.659 
1990 0.095 0.033 0.683 0.475 0.778 0.545 
1990 0.069 0.02 0.458 0.387 0.583 0.474 
1990 0.13 0.038 0.815 0.64 0.889 0.727 
1990 0.16 0.044 0.733 0.631 0.733 0.667 
1990 0.158 0.095 0.526 0.44 0.667 0.488 
1990 0.074 0.035 0.537 0.384 0.759 0.612 
1990 0.051 0.021 0.712 0.53 0.712 0.567 
2000 0.108 0.044 0.486 0.367 0.635 0.435 
2000 0.093 0.044 0.653 0.512 0.72 0.576 
2000 0.056 0.012 0.563 0.338 0.648 0.423 
2000 0.056 0.012 0.563 0.34 0.648 0.424 
2000 0.014 0.006 0.694 0.544 0.792 0.625 
2000 0.269 0.197 0.687 0.485 0.672 0.451 
2000 0.094 0.039 0.719 0.462 0.797 0.521 
2000 0.054 0.011 0.622 0.504 0.77 0.593 
2000 0.018 0.004 0.873 0.85 0.891 0.903 
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 CREFC1u 
'Proportion of 
content words 
that overlap 
between adjacent 
sentences' 
LSAassa 'LSA, 
Sentence to 
Sentence, 
adjacent, mean' 
LSApssa 'LSA, 
sentences, all 
combinations, 
mean' 
LSAppa 'LSA, 
Paragraph to 
Paragraph, mean' 
DENPRPi 
'Personal 
pronoun 
incidence score' 
DENSPR2 'Ratio 
of pronouns to 
noun phrases' 
1950 0.133 0.187 0.139 0.552 9.302 0.04 
1950 0.109 0.159 0.117 0.312 22.744 0.096 
1950 0.072 0.163 0.125 0.225 5.797 0.022 
1950 0.161 0.186 0.14 0.351 9.014 0.036 
1950 0.088 0.175 0.174 0.415 9.452 0.038 
1950 0.069 0.144 0.175 0.268 13.174 0.054 
1950 0.083 0.112 0.098 0.388 7.135 0.029 
1950 0.062 0.112 0.103 0.316 10.481 0.041 
1960 0.147 0.342 0.334 0.57 8.035 0.031 
1960 0.103 0.163 0.134 0.31 20.124 0.082 
1960 0.1 0.162 0.134 0.336 20.186 0.082 
1960 0.097 0.114 0.112 0.215 16.925 0.07 
1960 0.089 0.207 0.173 0.395 9.467 0.035 
1960 0.102 0.243 0.236 0.475 11.387 0.043 
1960 0.098 0.193 0.17 0.291 16.873 0.065 
1960 0.083 0.152 0.133 0.392 15.057 0.062 
1960 0.143 0.208 0.2 0.309 9.596 0.036 
1970 0.07 0.127 0.137 0.306 4.337 0.017 
1970 0.157 0.229 0.22 0.4 6.908 0.029 
1970 0.083 0.179 0.168 0.491 5.67 0.022 
1970 0.095 0.203 0.198 0.345 9.942 0.04 
1970 0.098 0.202 0.216 0.355 11.167 0.044 
1970 0.098 0.164 0.146 0.347 18.384 0.075 
1970 0.158 0.145 0.109 0.213 8.868 0.035 
1970 0.054 0.097 0.108 0.26 8.486 0.034 
1970 0.157 0.215 0.178 0.289 14.803 0.059 
1980 0.146 0.245 0.209 0.39 20.373 0.09 
1980 0.124 0.218 0.255 0.397 11.777 0.05 
1980 0.236 0.35 0.309 0.668 14.964 0.068 
1980 0.145 0.223 0.173 0.477 10.304 0.043 
1980 0.112 0.256 0.208 0.518 13.223 0.053 
1980 0.088 0.121 0.135 0.214 21.357 0.085 
1980 0.085 0.238 0.272 0.418 20.784 0.088 
1980 0.072 0.171 0.155 0.378 10.633 0.045 
1980 0.084 0.152 0.153 0.334 20.502 0.082 
1990 0.16 0.287 0.265 0.459 10.254 0.045 
1990 0.136 0.179 0.17 0.4 6.794 0.029 
1990 0.077 0.185 0.183 0.433 10.352 0.041 
1990 0.155 0.24 0.229 0.36 5.995 0.024 
1990 0.085 0.195 0.207 0.344 6.571 0.028 
1990 0.174 0.306 0.274 0.427 9.334 0.037 
1990 0.095 0.232 0.209 0.476 16.548 0.067 
1990 0.083 0.171 0.151 0.325 26.589 0.105 
1990 0.067 0.219 0.194 0.501 13.797 0.064 
1990 0.105 0.189 0.197 0.297 11.157 0.041 
2000 0.069 0.125 0.121 0.239 19.9 0.082 
2000 0.127 0.211 0.237 0.285 13.853 0.055 
2000 0.07 0.174 0.165 0.253 6.006 0.024 
2000 0.07 0.173 0.165 0.252 6.013 0.024 
2000 0.139 0.191 0.157 0.286 6.388 0.026 
2000 0.113 0.141 0.117 0.241 26.559 0.1 
2000 0.108 0.204 0.196 0.335 12.415 0.048 
2000 0.131 0.249 0.234 0.372 4.194 0.016 
2000 0.155 0.324 0.335 0.502 1.376 0.005 
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TYPTOKc 'Type-
token ratio for all 
content words' 
CAUSVP 
'Incidence of causal 
verbs, links, and 
particles' 
CAUSC 'Ratio of 
causal particles to 
causal verbs (cp 
divided by cv+1)' 
INTEi 'Incidence of 
intentional actions, 
events, and 
particles.' 
INTEC 'Ratio of 
intentional particles 
to intentional 
content' 
STRUTa 'Sentence 
syntax similarity, 
adjacent' 
1950 0.453 23.773 1.611 4.134 3.222 0.074 
1950 0.599 37.417 1.261 6.603 2.9 0.079 
1950 0.609 60.87 2.048 3.865 8.6 0.15 
1950 0.471 27.572 1.524 5.302 2.909 0.108 
1950 0.494 25.205 1.158 7.561 1.692 0.116 
1950 0.607 37.725 1.909 6.587 3.5 0.093 
1950 0.363 26.894 0.613 4.391 2.111 0.096 
1950 0.51 37.608 1.138 1.85 8.25 0.085 
1960 0.485 47.59 1.889 3.09 8.5 0.094 
1960 0.537 35.088 1.464 7.224 2.733 0.074 
1960 0.539 35.197 1.464 7.246 2.733 0.076 
1960 0.521 34.333 3 2.901 7.714 0.09 
1960 0.508 40.828 1.059 4.734 4 0.088 
1960 0.536 43.996 1.263 4.658 4.8 0.095 
1960 0.578 42.745 1.406 0.562 22.5 0.082 
1960 0.556 39.46 2.85 3.115 8.143 0.074 
1960 0.469 35.354 1.088 5.556 3.083 0.103 
1970 0.547 39.033 0.939 2.478 6.2 0.121 
1970 0.46 37.194 2.087 1.063 16 0.094 
1970 0.537 31.959 1.172 4.124 3.778 0.099 
1970 0.526 47.096 1.844 1.57 14.75 0.104 
1970 0.511 22.892 1.8 13.4 1.08 0.074 
1970 0.519 18.384 2.091 10.028 1.211 0.102 
1970 0.575 27.285 1.733 4.775 3.25 0.085 
1970 0.563 39.817 1.296 5.875 3.5 0.097 
1970 0.485 41.667 4.133 2.193 12.4 0.083 
1980 0.491 43.655 5.333 4.075 8 0.082 
1980 0.563 35.332 2.091 4.283 4.6 0.094 
1980 0.423 24.768 1.333 2.064 5.6 0.083 
1980 0.442 29.284 1.292 3.254 4.429 0.093 
1980 0.523 20.386 1.714 3.306 3.429 0.112 
1980 0.665 32.663 1.077 7.538 2 0.098 
1980 0.597 27.316 1.938 1.781 7.75 0.07 
1980 0.546 31.898 1.44 5.848 3 0.085 
1980 0.517 28.191 1 13.326 1.037 0.106 
1990 0.484 31.84 2.529 2.159 8.6 0.103 
1990 0.491 27.795 2.286 1.853 8 0.093 
1990 0.547 33.644 2.474 6.729 3.357 0.083 
1990 0.438 20.163 1.714 3.27 3.429 0.101 
1990 0.492 31.063 1.12 3.584 4 0.085 
1990 0.502 41.07 1.792 1.867 10.75 0.089 
1990 0.514 32.506 0.931 3.546 3.857 0.106 
1990 0.592 30.48 3 7.782 2.769 0.095 
1990 0.572 26.995 3.182 8.398 2.333 0.086 
1990 0.55 29.36 1.684 2.349 6.4 0.106 
2000 0.588 28.745 2.533 8.292 2.375 0.091 
2000 0.528 33.864 1.577 7.183 2.733 0.109 
2000 0.576 30.03 0.645 3.604 2.857 0.099 
2000 0.576 30.066 0.645 3.608 2.857 0.099 
2000 0.496 23.229 1.278 6.969 1.769 0.121 
2000 0.54 35.797 3.2 9.238 2.824 0.095 
2000 0.486 32.278 0.963 4.966 2.889 0.098 
2000 0.507 60.515 1.914 2.397 13.4 0.116 
2000 0.418 25.447 0.407 1.376 3.667 0.104 
 
Appendix A (Continued) 
Table 16 (Continued) 
193 
 
STRUTt 
'Sentence syntax 
similarity, all, 
across 
paragraphs' 
STRUTp 
'Sentence syntax 
similarity, 
sentence all, 
within 
paragraphs' 
TEMPta 'Mean of 
tense and aspect 
repetition scores' 
SPATC 'Mean of 
location and 
motion ratio 
scores.' 
CONi 'Incidence 
of all 
connectives' 
DENCONDi 
'Number of 
conditional 
expressions, 
incidence score' 
1950 0.075 0.073 0.833 0 55.814 1.034 
1950 0.083 0.089 0.667 0 62.362 2.201 
1950 0.138 0.176 0.774 0 85.024 0 
1950 0.095 0.1 0.824 0 63.097 1.06 
1950 0.115 0.111 0.858 0 61.122 0.63 
1950 0.079 0.092 0.708 0 63.473 2.994 
1950 0.111 0.109 0.952 0 54.336 0 
1950 0.099 0.093 0.7 0 64.735 2.466 
1960 0.089 0.107 0.762 0 76.02 3.708 
1960 0.071 0.075 0.826 0 69.659 1.032 
1960 0.073 0.076 0.816 0 69.876 1.035 
1960 0.09 0.087 0.835 0 64.313 4.836 
1960 0.087 0.108 0.697 0 59.763 1.775 
1960 0.084 0.095 0.763 0 67.288 1.553 
1960 0.081 0.077 0.699 0 57.368 5.062 
1960 0.067 0.075 0.692 0 81.516 2.077 
1960 0.104 0.106 0.804 0 70.707 1.01 
1970 0.103 0.124 0.766 0 57.621 1.239 
1970 0.089 0.095 0.73 0 70.67 0 
1970 0.092 0.099 0.774 0 69.588 0.515 
1970 0.091 0.096 0.77 0 63.841 2.093 
1970 0.076 0.072 0.772 0 69.235 0 
1970 0.095 0.106 0.809 0 62.396 2.228 
1970 0.078 0.082 0.784 0 52.524 0.682 
1970 0.091 0.096 0.803 0 65.927 0 
1970 0.073 0.088 0.79 0 86.623 1.645 
1980 0.078 0.077 0.704 0 87.893 0.582 
1980 0.09 0.094 0.724 0 87.794 1.071 
1980 0.067 0.07 0.833 0 52.116 1.548 
1980 0.103 0.099 0.792 0 64.534 0 
1980 0.09 0.117 0.937 0 57.851 0 
1980 0.101 0.112 0.757 0 67.839 0 
1980 0.065 0.063 0.86 0 58.789 0.594 
1980 0.082 0.081 0.82 0 79.745 0 
1980 0.11 0.11 0.769 0 64.582 1.025 
1990 0.094 0.102 0.778 0 60.982 2.698 
1990 0.1 0.101 0.8 0 71.649 0 
1990 0.073 0.078 0.694 0 59.524 1.035 
1990 0.096 0.109 0.857 0 81.199 0 
1990 0.091 0.091 0.806 0 62.724 0.597 
1990 0.078 0.083 0.769 0 77.785 0 
1990 0.11 0.112 0.793 0 53.191 0.591 
1990 0.089 0.091 0.772 0 67.445 0 
1990 0.077 0.079 0.648 0 78.584 4.199 
1990 0.085 0.091 0.797 0 61.656 0.587 
2000 0.087 0.083 0.818 0 56.938 1.106 
2000 0.087 0.104 0.707 0 63.109 1.539 
2000 0.103 0.101 0.761 0 58.859 0 
2000 0.103 0.101 0.761 0 58.93 0 
2000 0.111 0.108 0.764 0 55.168 0 
2000 0.085 0.089 0.836 0 67.552 2.309 
2000 0.098 0.1 0.734 0 53.383 1.241 
2000 0.117 0.131 0.784 0 80.887 1.198 
2000 0.108 0.112 0.664 0 72.902 0 
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 CONADpi 
'Incidence of 
positive additive 
connectives' 
CONTPpi 
'Incidence of 
positive temporal 
connectives' 
CONCSpi 
'Incidence of 
positive causal 
connectives' 
CONLGpi 
'Incidence of 
positive logical 
connectives' 
CONADni 
'Incidence of 
negative additive 
connectives' 
CONTPni 
'Incidence of 
negative temporal 
connectives' 
1950 26.873 6.202 14.47 9.819 9.302 0 
1950 28.613 1.467 19.809 8.804 11.005 0 
1950 34.783 9.662 41.546 18.357 2.899 0 
1950 35.525 1.591 15.376 11.135 10.074 0 
1950 35.917 1.26 13.233 5.041 10.082 0.63 
1950 28.144 2.994 23.952 14.371 7.186 0.599 
1950 34.577 2.195 9.879 12.623 7.135 0 
1950 27.744 4.932 19.112 19.729 14.797 0 
1960 29.048 5.562 30.284 18.541 9.889 0 
1960 37.668 4.128 20.64 14.448 8.772 0 
1960 37.785 4.141 20.704 14.493 8.799 0 
1960 24.178 6.77 24.662 20.793 9.671 0 
1960 29.586 2.367 20.71 13.609 8.284 0 
1960 32.609 6.211 24.845 18.116 7.246 0 
1960 22.497 4.499 24.747 17.435 4.499 0 
1960 38.941 4.673 25.961 17.134 8.827 0.519 
1960 39.394 3.03 18.687 12.121 10.101 1.01 
1970 32.218 1.239 16.729 10.533 5.576 0 
1970 32.412 3.719 24.442 18.597 9.033 0 
1970 42.268 4.124 15.464 10.309 5.155 0.515 
1970 25.641 4.186 29.827 19.885 5.756 0 
1970 42.993 2.792 15.075 6.7 8.934 0 
1970 27.298 6.128 11.142 13.928 16.713 0 
1970 27.285 1.364 15.689 8.186 6.139 0.682 
1970 30.026 3.916 20.888 22.193 10.444 0 
1970 32.346 6.579 29.057 26.316 14.803 0 
1980 37.253 4.075 37.253 32.014 12.224 0 
1980 47.109 5.353 22.484 17.131 10.707 0 
1980 23.736 7.74 14.448 13.416 8.256 0.516 
1980 38.503 2.169 15.727 11.388 7.592 0 
1980 34.16 2.755 11.57 13.223 8.815 0 
1980 37.688 0 15.075 11.307 11.307 0 
1980 29.097 1.781 16.033 9.501 9.501 0 
1980 54.758 1.595 18.607 12.759 4.253 0 
1980 38.442 5.638 14.352 14.352 6.663 0 
1990 25.364 5.397 21.047 19.968 8.635 0 
1990 42.619 3.088 17.295 14.824 8.03 0 
1990 26.915 2.07 22.774 12.422 6.729 0 
1990 56.676 0 11.444 7.629 10.899 0 
1990 34.648 4.182 16.129 10.753 7.168 0 
1990 39.826 2.489 26.758 16.179 8.712 0 
1990 31.324 2.364 15.366 11.82 3.546 0.591 
1990 34.371 0.649 23.346 20.104 9.728 0 
1990 41.992 6.599 20.396 21.596 8.998 0.6 
1990 31.709 1.762 18.203 11.157 8.808 0.587 
2000 19.9 5.528 21.006 18.795 11.609 0 
2000 28.22 4.618 18.984 14.366 9.749 0 
2000 37.838 3.003 10.21 9.61 6.607 0 
2000 37.883 3.007 10.222 9.621 6.615 0 
2000 33.101 3.484 13.357 9.292 5.807 0 
2000 32.333 5.774 26.559 22.517 2.887 0 
2000 24.829 2.483 16.139 13.656 9.311 0 
2000 31.156 4.194 38.945 24.566 7.19 0.599 
2000 50.206 8.253 7.565 6.19 6.878 0.688 
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CONCSni 
'Incidence of 
negative causal 
connectives' 
CONLGni 
'Incidence of 
negative logical 
connectives' 
DENLOGi 
'Logical operator 
incidence score 
(and + if + or + 
cond + neg)' 
FRQCRacw 
'Celex, raw, mean 
for content words 
(0-1,000,000)' 
FRQCLacw 
'Celex, logarithm, 
mean for content 
words (0-6)' 
FRQCRmcs 
'Celex, raw, 
minimum in 
sentence for 
content words (0-
1,000,000)' 
1950 0.517 9.819 31.525 2020.401 1.957 16.667 
1950 1.467 12.472 40.352 2142.822 2.072 12.682 
1950 0 2.899 37.681 1581.68 1.982 22.611 
1950 1.591 11.665 41.888 3585.867 2.132 5.286 
1950 0.63 10.712 41.588 2575.531 1.95 14.5 
1950 1.198 8.982 44.91 1744.212 1.976 4.588 
1950 0.549 7.684 32.931 3158.422 1.959 3.2 
1950 1.233 16.03 43.773 2285.717 2.172 16.032 
1960 1.236 11.125 40.791 1530.375 1.952 22 
1960 0.516 9.288 46.44 1940.526 2.025 8.905 
1960 0.518 9.317 46.584 1948.571 2.027 9.684 
1960 1.451 11.605 38.201 3195.506 2.114 31.385 
1960 0.592 8.876 42.012 1459.155 1.988 3 
1960 0 7.246 43.478 1393.995 2.011 8.727 
1960 0.562 5.062 26.434 2179.765 2.019 41.882 
1960 3.634 12.461 45.691 2106.645 2.111 1 
1960 0 10.101 45.96 2521.505 2.028 21.091 
1970 2.478 8.055 40.273 2346.284 1.946 10 
1970 1.063 10.096 37.726 1515.907 1.926 6.655 
1970 2.062 8.247 47.423 1781.136 1.92 8.067 
1970 1.047 7.326 31.397 1688.933 1.919 7.154 
1970 0 8.934 48.576 842.397 1.949 1.5 
1970 1.671 18.384 38.44 2865.071 2.087 35.286 
1970 2.046 8.186 32.742 1636.353 1.984 4 
1970 1.958 12.402 33.943 1757.877 1.993 60.833 
1970 4.934 19.737 50.987 2261.854 2.026 10.417 
1980 0 12.224 43.073 2860.412 2.137 10.2 
1980 2.141 12.848 54.604 1524.119 1.955 3.75 
1980 0 8.256 31.992 2307.636 2.003 4.25 
1980 1.085 8.677 40.13 995.614 1.632 1.333 
1980 1.653 10.468 38.017 2201.404 1.904 1.25 
1980 2.513 13.819 43.97 2526.546 1.951 24.5 
1980 2.375 11.876 33.254 2346.089 1.797 1 
1980 0.532 4.785 55.821 2159.187 1.886 0 
1980 0 7.688 43.567 1950.153 2.028 8.462 
1990 2.159 10.793 34.539 2296.454 1.955 7.333 
1990 2.471 10.5 44.472 2254.69 1.88 2 
1990 1.553 8.282 32.091 1155.115 1.86 0 
1990 1.635 12.534 62.125 2265.952 1.946 3 
1990 0.597 7.766 38.232 2207.402 1.892 6.417 
1990 0 8.712 42.315 1409.167 1.825 3.143 
1990 0.591 5.319 38.416 1573.923 1.851 6 
1990 0 9.728 37.613 2093.193 1.896 5 
1990 0.6 9.598 45.591 1069.976 1.766 1 
1990 0.587 9.395 36.994 1789.88 1.822 6 
2000 0 11.609 27.64 2145.795 1.921 4.8 
2000 2.052 11.801 36.942 1858.627 1.867 8 
2000 1.802 8.408 42.042 1191.033 1.767 4 
2000 1.804 8.419 42.093 1194.173 1.766 4 
2000 0 6.388 37.166 1500.721 1.87 2.5 
2000 1.155 4.042 35.219 2468.026 2.042 10.846 
2000 0 9.311 28.554 1978.096 1.88 4.571 
2000 1.198 8.388 36.549 1120.845 1.842 3.714 
2000 0 6.878 55.708 909.409 1.808 3.1 
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 FRQCLmcs 'Celex, 
logarithm, 
minimum in 
sentence for content 
words (0-6)' 
WORDCacw 
'Concreteness, mean 
for content words' 
WORDCmcs 
'Concreteness, 
minimum in 
sentence for content 
words' 
HYNOUNaw 
'Mean hypernym 
values of nouns' 
HYVERBaw 'Mean 
hypernym values of 
verbs' 
DENNEGi 'Number 
of negations, 
incidence score' 
1950 0.575 380.816 158 4.513 1.233 5.168 
1950 0.953 416.266 158 4.654 1.306 5.136 
1950 1.194 385.408 158 4.413 1.311 2.899 
1950 0.767 372.038 186 4.364 1.219 5.302 
1950 1.44 419.795 158 4.407 1.163 3.151 
1950 0.493 383.986 158 4.223 1.396 8.982 
1950 0.68 382.454 186 4.464 1.526 0.549 
1950 1.015 376.704 158 4.854 1.393 9.864 
1960 0.978 360.932 158 4.114 1.491 9.271 
1960 0.744 393.225 158 4.383 1.412 7.74 
1960 0.769 393.524 158 4.386 1.412 7.764 
1960 1.207 346.905 158 4.07 1.41 5.803 
1960 0.655 402.528 194 4.353 1.561 7.692 
1960 0.813 426.954 158 4.827 1.488 6.211 
1960 1.013 365.048 186 4.241 1.354 2.812 
1960 0 381.441 158 3.872 1.237 5.192 
1960 1.123 382.337 158 3.991 1.318 5.051 
1970 0.94 381.688 158 4.135 1.299 4.957 
1970 0.718 406.924 158 4.808 1.446 6.908 
1970 0.694 403.487 158 4.625 1.582 6.186 
1970 0.876 399.489 158 4.174 1.529 4.186 
1970 0.3 405.23 158 4.063 1.897 2.233 
1970 0.841 339.406 158 3.674 1.494 6.128 
1970 0.6 379.96 158 3.583 1.412 5.457 
1970 1.312 376.733 158 3.965 1.395 6.527 
1970 0.791 350.447 186 4.374 1.464 13.706 
1980 1.033 354.461 158 4.332 1.406 2.91 
1980 0.6 374.913 158 4.213 1.589 8.565 
1980 0.517 401.993 158 4.898 1.396 7.74 
1980 0.3 408.68 158 4.114 1.537 2.711 
1980 0.3 404.272 158 4.226 1.467 2.204 
1980 1.255 358.874 186 4.256 1.52 5.025 
1980 0 388.666 158 4.673 1.349 4.157 
1980 0 366.881 158 3.284 1.225 2.127 
1980 0.783 415.097 158 3.799 1.525 8.713 
1990 0.557 342.336 158 4.242 1.411 3.778 
1990 0.3 406.317 158 3.938 1.291 5.559 
1990 0 396.748 158 4.04 1.536 2.07 
1990 0.47 387.85 158 3.899 1.559 1.09 
1990 0.775 406.71 158 4.323 1.48 5.376 
1990 0.554 374.579 158 4.387 1.572 1.867 
1990 0.777 357.222 158 3.624 1.396 5.91 
1990 0.626 377.787 158 4.666 1.759 5.837 
1990 0 364.986 186 3.968 1.571 1.2 
1990 0.81 351.191 158 4.108 1.454 3.523 
2000 0.603 369.074 158 3.829 1.481 4.422 
2000 0.875 370.894 158 4.249 1.498 2.565 
2000 0.6 391.961 186 3.601 1.416 1.201 
2000 0.6 391.961 186 3.599 1.416 1.203 
2000 0.84 361.253 158 3.397 1.337 3.484 
2000 1.01 353.346 158 4.328 1.482 4.619 
2000 0.683 383.897 186 3.869 1.394 3.104 
2000 0.64 354.682 158 4.249 1.597 3.595 
2000 0.64 445.03 186 4.232 1.496 2.063 
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DENSNP 'Noun 
Phrase Incidence 
Score (per thousand 
words)' 
SYNNP 'Mean 
number of 
modifiers per noun-
phrase' 
SYNHw 'Mean 
number of higher 
level constituents 
per word' 
SYNLE 'Mean 
number of words 
before the main 
verb of main clause 
in sentences' 
READNW 'Number 
of Words' 
READNS 'Number 
of Sentences' 
1950 229.974 1.508 0.616 8.984 1935 64 
1950 237.711 1.046 0.692 6.094 1363 64 
1950 262.802 1.151 0.687 6.259 1035 54 
1950 251.326 1.253 0.659 5.64 1886 89 
1950 248.267 1.345 0.627 6.733 1587 75 
1950 244.91 1.171 0.675 7.045 1670 66 
1950 249.726 1.426 0.621 5.21 1822 105 
1950 253.391 0.971 0.708 6.887 1622 71 
1960 257.726 0.952 0.717 6.906 1618 64 
1960 246.13 1.275 0.663 4.611 1938 90 
1960 245.342 1.281 0.663 4.75 1932 88 
1960 241.296 1.214 0.662 6.651 2068 83 
1960 267.456 1.128 0.673 6.139 1690 72 
1960 267.598 1.137 0.663 6.797 1932 79 
1960 258.718 1.039 0.704 6.333 1778 69 
1960 244.029 1.119 0.696 8.318 1926 66 
1960 264.646 1.153 0.668 6.194 1980 93 
1970 249.071 1.179 0.657 6.385 1614 78 
1970 237.513 1.136 0.676 6.506 1882 77 
1970 254.124 1.203 0.648 7.578 1940 83 
1970 250.131 1.22 0.672 8.987 1911 75 
1970 254.048 1.319 0.638 5.121 1791 58 
1970 246.24 1.244 0.658 5 1795 82 
1970 251.705 1.228 0.651 7.75 1466 52 
1970 251.958 1.158 0.667 6.358 1532 67 
1970 252.741 1.039 0.673 6.206 1824 63 
1980 225.262 1.444 0.613 8.273 1718 55 
1980 234.475 1.155 0.66 6.767 934 30 
1980 221.362 1.583 0.601 9.618 1938 55 
1980 236.985 1.506 0.609 7.781 1844 73 
1980 249.036 1.394 0.61 7.944 1815 72 
1980 250 1.085 0.665 4.222 796 36 
1980 235.748 1.365 0.642 8.477 1684 44 
1980 237.108 1.417 0.628 6.842 1881 76 
1980 249.616 1.136 0.671 5.424 1951 92 
1990 228.278 1.482 0.616 8.89 1853 73 
1990 234.713 1.497 0.613 7.77 1619 61 
1990 252.07 1.345 0.63 7.413 1932 63 
1990 249.591 1.352 0.626 11.031 1835 64 
1990 237.754 1.382 0.641 7.521 1674 73 
1990 253.267 1.157 0.675 8.4 1607 55 
1990 246.454 1.518 0.606 7.513 1692 76 
1990 252.918 1.226 0.661 5.845 1542 58 
1990 217.157 1.547 0.624 9.764 1667 55 
1990 268.937 1.153 0.658 8.45 1703 60 
2000 241.57 1.398 0.629 5.56 1809 75 
2000 252.95 1.16 0.669 7.5 1949 76 
2000 252.853 1.435 0.616 7.194 1665 72 
2000 253.157 1.43 0.616 7.194 1663 72 
2000 246.225 1.476 0.611 8.205 1722 73 
2000 266.166 1.037 0.695 5.015 1732 68 
2000 256.983 1.314 0.639 7.692 1611 65 
2000 264.23 1.256 0.643 7.56 1669 75 
2000 251.719 1.44 0.618 7.607 1454 56 
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READNP 'Number 
of Paragraphs' 
READASW 
'Average Syllables 
per Word' 
READASL 
'Average Words per 
Sentence' 
READAPL 
'Average Sentences 
per Paragraph' 
READFRE 'Flesch 
Reading Ease Score 
(0-100)' 
READFKGL 
'Flesch-Kincaid 
Grade Level (0-12)' 
1950 5 1.805 30.234 12.8 23.445 12 
1950 15 1.532 21.297 4.267 55.611 10.793 
1950 24 1.696 19.167 2.25 43.899 11.898 
1950 22 1.77 21.191 4.045 35.584 12 
1950 12 1.671 21.16 6.25 43.991 12 
1950 19 1.576 25.303 3.474 47.823 12 
1950 24 1.536 17.352 4.375 59.277 9.302 
1950 20 1.47 22.845 3.55 59.285 10.666 
1960 18 1.943 25.281 3.556 16.797 12 
1960 23 1.519 21.533 3.913 56.472 10.732 
1960 21 1.515 21.955 4.19 56.382 10.849 
1960 23 1.809 24.916 3.609 28.504 12 
1960 16 1.807 23.472 4.5 30.139 12 
1960 20 1.563 24.456 3.95 49.782 12 
1960 13 1.645 25.768 5.308 41.513 12 
1960 10 1.795 29.182 6.6 25.358 12 
1960 19 1.834 21.29 4.895 30.069 12 
1970 23 1.875 20.692 3.391 27.208 12 
1970 15 1.73 24.442 5.133 35.668 12 
1970 12 1.813 23.373 6.917 29.732 12 
1970 22 1.838 25.48 3.409 25.478 12 
1970 22 1.824 30.879 2.636 21.182 12 
1970 17 1.899 21.89 4.824 23.961 12 
1970 10 1.799 28.192 5.2 26.025 12 
1970 21 1.822 22.866 3.19 29.485 12 
1970 16 1.644 28.952 3.938 38.366 12 
1980 13 1.693 31.236 4.231 31.903 12 
1980 5 1.864 31.133 6 17.541 12 
1980 12 1.596 35.236 4.583 36.049 12 
1980 12 1.891 25.26 6.083 21.218 12 
1980 14 1.801 25.208 5.143 28.884 12 
1980 7 1.784 22.111 5.143 33.466 12 
1980 10 1.705 38.273 4.4 23.745 12 
1980 17 1.947 24.75 4.471 16.998 12 
1980 17 1.608 21.207 5.412 49.273 11.655 
1990 16 1.687 25.384 4.563 38.35 12 
1990 15 1.853 26.541 4.067 23.132 12 
1990 14 1.969 30.667 4.5 9.131 12 
1990 15 1.8 28.672 4.267 25.453 12 
1990 17 1.751 22.932 4.294 35.424 12 
1990 13 1.732 29.218 4.231 30.652 12 
1990 19 1.784 22.263 4 33.312 12 
1990 11 1.822 26.586 5.273 25.709 12 
1990 10 1.917 30.309 5.5 13.893 12 
1990 15 1.817 28.383 4 24.308 12 
2000 27 1.86 24.12 2.778 24.997 12 
2000 31 1.785 25.645 2.452 29.794 12 
2000 35 1.959 23.125 2.057 17.632 12 
2000 35 1.961 23.097 2.057 17.491 12 
2000 24 1.933 23.589 3.042 19.36 12 
2000 14 1.64 25.471 4.857 42.238 12 
2000 20 1.81 24.785 3.25 28.552 12 
2000 27 1.933 22.253 2.778 20.716 12 
2000 17 1.739 25.964 3.294 33.362 12 
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Abstract  
In order to explore submarine groundwater discharge in the vicinity of karst 
features that penetrate the confining layer of an offshore, partially confined aquifer, we 
constructed a three-dimensional groundwater model using the SUTRA (Saturated–
Unsaturated TRAnsport) variable-density groundwater flow model. We ran a parameter 
sensitivity analysis, testing the effects of recharge rates, permeabilities of the aquifer and 
confining layer, and thickness of the confining layer. In all simulations, less than 20% of 
the freshwater recharge for the entire model exits through the sinkhole. Recirculated 
seawater usually accounts for 10–30% of the total outflow from the model. Often, the 
sinkhole lies seaward of the transition zone and acts as a recharge feature for recirculating 
seawater. The permeability ratio between aquifer and confining layer influences the 
configuration of the freshwater wedge the most; as confining layer permeability 
decreases, the wedge lengthens and the fraction of total discharge exiting through the 
sinkhole increases.  
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Introduction 
Florida may have the greatest potential for submarine groundwater discharge 
(SGD) of any location in the world due to its high precipitation rates, its long coastline, 
and the high permeability of the Floridan Aquifer (Zektzer, 1973; Swarzenski & 
Kindinger, 2003). The hydrogeological units of the karstified Floridan Aquifer extend to 
the edges of the Florida Platform, some 100 km on the northeastern side and twice that 
distance on the western shelf, and are at least partially confined by the predominantly 
siliciclastic Hawthorn Formation for most of this area. A freshwater wedge extending 
offshore in such conditions will discharge water in a diffuse manner across the confining 
layer, creating concentrated discharge points wherever the confining layer is breached. 
On the coastlines of Florida, such a breach is likely to be a sinkhole. In places 
where the Floridan Aquifer is partially confined, the Hawthorn Formation is less than 100 
m thick and perforated by sinkholes and collapse features, the majority of which formed 
during sea level minima of the late Oligocene and early Miocene when the entire shelf 
was exposed (Stringfield, 1966). Above sea level, these sinkholes provide a route for 
recharge to the aquifer. When submerged, they connect the aquifer directly with the 
overlying seawater and create point sources (or sinks) of SGD (Kohout, 1966; Stringfield 
& LeGrand, 1969; Swarzenski et al., 2003). In breaching the confining layer, Kohout 
says, the sinkhole acts as an artesian well. Kohout’s analogy is echoed by Stringfield & 
LeGrand (1969, and LeGrand & Stringfield, 1971), who examined the dynamics of 
freshwater–saltwater systems within karstic conduits that penetrate to the base of the 
freshwater lens or wedge. 
The Crescent Beach Spring just off the coast of Jacksonville, Florida, may be the 
most spectacular example of a submerged sinkhole spring, ranking among Florida’s many 
first-magnitude springs (Swarzenski et al., 2001). However, as Zektzer (1973) pointed 
out, there must be countless smaller submarine springs that may not be easily observed 
from the sea surface. Such springs may lack integrated conduit systems and still 
discharge substantially more water than the areas surrounding them. 
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The purpose of this study was to examine the magnitude of discharge that might 
be diverted to a sinkhole or other breach in the confining layer of an aquifer discharging 
freshwater off shore. We wanted to study the parameters that most affect the proportion 
of discharge that occurs through these structures and their impact on the configuration of 
the freshwater wedge and its transition zone. 
 
Related Studies 
SGD often consists of meteoric water from land and recirculated seawater, driven 
by an array of processes operating at different scales, including terrestrial hydraulic 
gradients, wave and tidal pumping and set-up, and thermal and density gradients (Burnett 
et al., 2003). In this paper, we examine only the SGD driven by a flow of freshwater from 
land and the recirculation of seawater that accompanies it. 
A seafloor discharge face has been included in theoretical models of the coastal 
freshwater wedge since Hubbert (1940). Glover (1959) calculated the width of the 
seepage face in his potential-theory model of a coastal aquifer that is unconfined beneath 
the seafloor. Edelman (1972) presented an analytical solution to the problem of the 
offshore discharge face of a partially confined aquifer. Kooi & Groen (2001) expanded 
on Edelman’s work, addressing the question of how far groundwater can be carried 
offshore in a confined aquifer. 
Along with terrestrially derived freshwater, the SGD associated with an offshore 
freshwater wedge includes a certain amount of recirculated seawater. Cooper (1959) and 
Kohout (1960) described the potential for cyclic flow of seawater into the transition zone 
and corresponding loss of head in the seawater part of the regime. Stringfield & LeGrand 
(1969) pointed out that vertical karst features that penetrate to this zone of negative head 
may have water levels lower than sea level and, if open to the sea, could continuously 
intake seawater in a cyclic flow. They described such features at Tarpon Springs, Florida, 
and the island of Cephalonia, Greece (Stringfield & LeGrand, 1969). 
The coastal freshwater wedge and the flow system associated with it can also be 
modified by upconing of the freshwater–saltwater transition zone beneath a freshwater 
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sink (usually conceptualized as a pumping well). Many early models utilized the 
assumption of a sharp interface and a radially symmetrical cone (Bear & Dagan, 1964; 
Bennett et al., 1968; Haubold, 1975) and are concerned mostly with well contamination. 
Numerical modelling is used in later studies to allow for the inclusion of a freshwater–
seawater transition zone. Reviews of previous work on upconing beneath pumping wells 
are included in Reilly & Goodman (1987) and Zhou et al. (2005).  
 
Description of the Model 
A simple, three-dimensional aquifer model using the SUTRA (Saturated–
Unsaturated TRAnsport) variable-density groundwater flow model (Voss, 1984) allowed  
us to test the effects of aquifer parameters on the proportion of aquifer discharge coming 
out of the sinkhole (Figure 22). 
The aquifer measures 2 km by 2.4 km by 100 m for all simulations and is overlain 
by a confining layer of 46-m, 66-m, or 86-m thickness. The confining layer was assigned 
a permeability kc, except for a 5-by-5 column of nodes representing the sinkhole. The 
permeabilities of these sinkhole elements are equal to that of the aquifer (kaq). This 
sinkhole is positioned 440 m from the coast in about 5 m of seawater. We actually ran the 
model for only half of this model space – the space shown in Figure 22. We assumed that 
the model is symmetrical around a vertical plane of symmetry perpendicular to the 
coastline and passing through the centre of the sinkhole. 
 
 
Figure 22. The model domain, showing boundary conditions and aquifer parameters. Permeability 
of the confining layer (kc), aquifer permeability (kaq), fresh-water input into the model (Qin), and the 
discharge (Qsink) through the specified-pressure nodes of the sinkhole. 
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Nodes corresponding to the sea floor were assigned specified pressures consistent 
with those of hydrostatic seawater. Freshwater recharge to the aquifer (Qin) is through 
specified-source nodes at the landward face of the model. Water discharges through 
specified-pressure nodes at the top of the confining layer, at the top of the sinkhole 
(Qsink), and at the seaward end of the model. We ran each simulation to steady state, 
testing the effects of several recharge rates, the permeability magnitude and ratio of the 
aquifer (kaq) and confining layer (kc), and the thickness of the confining layer (b). We 
constructed a parameter matrix from the following parameters: 
1. Recharge rates: 0.18 m
3
/d, 0.15 m
3
/d, 0.11 m
3
/d, 0.074 m
3
/d, and 0.0092 m
3
/d 
per metre of coastline.  
2. Permeability of aquifer (kaq): 1.00 × 10
-12
 m
2
, 1.00 × 10-13 m2. 
3. kaq/kc ratio: 1, 3, 10, 20, 30, 50, 70, 100, 130, 160, 200, 250, 300, 1000. 
4. Confining layer thickness: 46 m, 66 m, 86 m. 
We chose these parameters to fall within acceptable values for a small-scale, 
coastal flow system. For each parameter set, we ran two simulations: one simulation with 
the sinkhole in place and a simulation with an uninterrupted confining layer for 
comparison. The “no sinkhole” cases were essentially two-dimensional models. Of the 
simulations that we ran, we ended up using about 600 for analysis. 
 
Results 
Sinkhole Discharge and Seawater Recirculation 
At a steady state, the percentage of freshwater discharging through the sinkhole 
depends most strongly on the ratio of permeabilities kaq/kc (Figure 23A), and is at most 
around 20% of Qin for the parameters that we tested.  
Simulations with a higher aquifer permeability kaq generally have a lower discharge 
through the sinkhole, generally less than 10% of the total freshwater throughput. In most 
simulations with kaq/kc ratios of less than 10, the sinkhole discharges nothing.  
Total fluxes through the model are often higher than the specified freshwater flux, 
indicating that seawater is circulating through the model space. The rate of seawater 
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circulation (Qrecirc) is inversely proportional to kaq/kc (Figure 23B), ranging from about 
10% to 30% of Qin at higher kaq/kc ratios. 
 
Discharge Profiles 
The specific discharge across the sediment-water interface decreases with 
distance from the coast (Figure 23C, D and E), ending in a very slight negative discharge 
corresponding with the slow influx of seawater into the aquifer. The profile of discharge 
perpendicular to the coast is generally stable with a change in Qin or b (Figure 23C and 
D). The kaq/kc ratio, however, has a far greater effect on the discharge profile. At a kaq/kc 
 
Figure 23. Results of parameter sensitivity analysis. A. Proportion of water discharging out of the 
sinkhole. B. Amount of recirculated seawater. C–E. Discharge profiles through sinkhole, 
perpendicular to coastline. C. The effect of changing freshwater input into the model Qin. D. The 
effect of changing aquifer thickness b. E. The effect of changing the kaq/kc ratio. This is done by 
decreasing kc in six steps from 1.00 × 10
-13
 m
2
 (equal to kaq) to 3.33 × 10
-16
 m
2
 (a kaq/kc ratio of 300).  
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ratio of 1, the freshwater wedge is very short, and the profile has a prominent negative 
peak corresponding to the intake of seawater (Figure 23E). The freshwater wedge is short  
enough that virtually all of the recirculated seawater enters the model landward of the 
sinkhole. Decreasing kc spreads the discharge out over a larger area and creates focusing 
of recirculated seawater through the sinkhole. At higher kaq/kc ratios, the length of the 
freshwater wedge approaches the length of the model and freshwater starts to discharge 
out of the outcrop at the end of the model.  
 
Flow Regimes 
The presence of a confining layer spreads the transition zone out considerably, the 
parameters of the model determining its shape and position. The magnitude of Qin affects 
its position (Figure 24A), whereas kaq/kc completely changes its character (Figure 24B).  
The upconing of the concentration contours at the seaward edge of the sinkhole is 
evident in Figure 24. Upconing occurs in the upper concentration contours (representing 
lower fractions of seawater); saltier water remains undisturbed. For kaq/kc = 1000, the 
concentration contours representing greater than 50% seawater are crowded together near 
the end of the model.  
Flow within the transition zone is largely parallel to the concentration contours 
(Figure 24C). As expected, the highest velocities occur beneath the sinkhole and within 
the freshwater portion of the model. Beneath the transition zone, the general flow 
direction is landward. This flow reverses in the vicinity of the 70%-seawater concentration 
contour. In this region, flow is imperceptibly slow and vertical in direction. 
 
Discussion 
The profiles presented here exhibit a classic freshwater wedge extending offshore 
with diffuse upward discharge through a confining layer to the sea. Our results are 
consistent with those of Kooi & Groen (2001), who found that the length of the 
freshwater wedge depends upon the permeability and thickness of the confining layer and 
the discharge at the coastline. Generally, thicker and less-permeable confining layers, 
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coupled with high recharge at the coast, produce longer freshwater wedges (Figure 24A 
and B; higher kaq/kc ratio corresponds to less-permeable confining layer). 
Kooi & Groen (2001) pointed out that the length of the freshwater wedge is 
limited by downward dispersive effects at the outflow face, which overcome upward 
seepage in very long freshwater wedges. It is possible that, like Kooi & Groen’s 
calculated “length of freshwater discharge”, our ratio Qsink/Qin may not continue to 
increase with kaq/kc but instead may reach a maximum. With this particular model 
domain, however, the simulations with higher kaq/kc are too influenced by discharge out 
of the “outcrop” end of the model for us to be certain that this is the case. 
 
 
 
Figure 24. Salinities and flow regime within the freshwater wedge. A and B. Transition zone 
profiles through the sinkhole. C. Flow diagram of profile through centre of the sinkhole. This slice 
is a no-flow boundary: there is no flow into or out of this section. Except where specified, all of 
these simulations have Qin = 0.001 kg/s, kaq = 1.00 ×  
10
-12
 m
2
, kc = 3.33×10
-15
 m
2
, and b = 46. 
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Within our simulations, the sinkhole diverts up to 20% of the freshwater 
discharge from the freshwater wedge. The discharge through the sinkhole depends mostly 
on its position relative to the freshwater–saltwater transition zone. In this study, the 
sinkhole is stationary; the position and shape of the transition zone is largely influenced 
by the widely varying kaq/kc ratio. Field values of kaq/kc may vary by several orders of 
magnitude in an area such as Florida. We used experimental values that reflect this. In 
fact, the permeability of the units in the Floridan Aquifer can often be around 10 000 
times the permeability of the Hawthorne Formation. The results shown in Figure 23A, 
however, suggest that a percentage greater than 30% would be unlikely, even at very high 
kaq/kc ratios. 
Recirculated seawater accounts for some fraction of the total flux through the 
system, adding about 10 to 30% to the specified recharge (Qin) at higher kaq/kc ratios. 
Recirculation is higher at lower kaq/kc ratios which allow seawater to more easily 
penetrate the confining layer. The freshwater wedge ends landward of the sinkhole in 
most of these simulations, causing the sinkhole to act as a recharge feature. 
The specific discharge of the sinkhole dwarfs that of the diffuse outflow face 
(Figure 23C, D and E), but the area of diffuse flow is much larger. Without a conduit 
system feeding the sinkhole discharge, the sinkhole’s influence is mostly local, and much 
of the freshwater in the system will still exit through the diffuse outflow face. However, 
given that sinkholes tend to exist in clusters and that the kaq/kc ratio is likely to be much 
larger than 300, the percentage of Qin exiting the sinkholes is likely to be much larger 
than 20%. The effect is at least enough to confound SGD measurements in a highly 
heterogeneous offshore face, especially if spot seepage measurements are integrated 
across the entire outflow face. 
Zhou et al. (2005), Johannsen et al. (2002) and Oswald et al. (2002) reported that 
in experiments concerning upconing beneath pumping wells, only the part of the 
transition zone with lower salinities was upconed. The water with higher salinities was 
not affected by the upconing. We found similar results, with a salinity profile comparable 
to that of a cased well penetrating the confining layer. 
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Conclusions 
A sinkhole that perforates a confining layer in a coastal aquifer acts similarly to a 
cased well into the freshwater wedge, discharging freshwater or pulling in seawater, 
depending on its position within the flow regime. In the cases we examined, the sinkhole 
diverts as much as 20% of the freshwater flow through the model. This number is likely 
to increase with an increase in the ratio of aquifer permeability to confining-layer 
permeability. At lower kaq/kc ratios, seawater circulation can double the total water flux 
through the model compared to specified recharge values. At higher kaq/kc ratios, the rate 
of seawater recirculation is an additional 10–30% added to the specified freshwater 
recharge rate. The lower-salinity concentration contours are upconed at the seaward edge 
of the sinkhole; however, the sinkhole almost always discharges more than 95% 
freshwater. Even without a substantial conduit system feeding it, a submarine spring of 
this type can substantially alter the surrounding flow regime and complicate studies of 
submarine groundwater discharge. 
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Abstract  
The field of cave and karst science is served by a literature that is dispersed across 
far-flung topical journals, government publications, and club newsletters. As part of an 
inter-institutional project to globalize karst information (KIP, the Karst Information 
Portal), the USF Library undertook a structured battery of literature searches to map the 
domain of karst literature. The study used 4,300 individual searches and four literature 
databases: GeoRef, BIOSIS, Anthropology Plus, and GPO Access. The searches were 
based on a list of 632 terms including 321 karst-related keywords culled from three 
leading encyclopedias and glossaries of cave and karst science. An examination of yearly 
changes in publication rate indicates that for the last 45 years, the number of cave and 
karst publications has increased steadily, as has the number of journals in which they 
appear. In particular, the past ten years cover a period of rapid growth where karst-
specific journals achieved peer-review status, and individual journals accepted more cave 
and karst papers for publication.   
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Introduction 
Part of what attracts students of geology is the field experience, the idea that the 
first challenge in studying an outcrop is getting to it. Biology and archaeology share this 
element of expedition. This challenge is ever-present in karst, even more so than in most 
other fields. Cave science is not only logistically demanding and physically challenging, 
but also conceptually intricate and difficult to categorize:  
The idea that there is a science of speleology that includes everything that one 
might like to know has proved infeasible. Instead of an inwardly focused study 
on caves, the current generation of cave scientists are finding out that they need 
to look outward rather than inward. To understand caves, one must also 
understand the landscape, drainage basins, and rock units in which they occur. 
One must draw on geochemistry, fluid mechanics, crystallography, and many 
other disciplines that provide essential understanding of the processes that occur 
in caves. (White and White, 1998, p. 40) 
Karst researchers encounter additional challenges in managing an information 
environment wherein a large amount of the information pertaining to karst originates 
outside of the academic world. The National Speleological Society is perhaps the largest 
source and repository for cave data (in the form of maps, trip reports, etc.) in the United 
States, even though, according to a 2005 survey, only around 15% of NSS members 
consider themselves professional scientists. Thus, as karst scientists, we enjoy and 
depend upon the cooperation and companionship of industry professionals, explorers, and 
amateur scientists whose standards for data-gathering may meet or exceed those of the 
scientific institution. 
Traditionally, little of the data collected by non-scientist cavers makes it into 
literature with widespread distribution; the information ends up in consulting reports, 
expedition summaries, and caving-club newsletters. These publications are termed gray 
literature by virtue of being unavailable through conventional channels of library 
acquisition (Bichteler, 1991). Library professionals find guidebooks to be particularly 
frustrating, branding them ‘‘sneaky, fly-bynight, changecoat publications [that are] hard 
Appendix B (Continued) 
 214 
to identify, hard to acquire, hard to catalog and retrieve, and hard to preserve’’ (Walcott, 
1990). These gray literature venues rarely find their way into standard bibliographic 
indices, and are not only difficult for researchers to track down, but may only exist in 
personal libraries that can suffer from damage or loss. Academic scientists, however, are 
more concerned with the fact that much gray literature manages to make its way into 
print while avoiding the peer-review process (Bichteler, 1991, p. 40). 
Despite these concerns, recent data indicates that scientists across several 
disciplines are citing more gray literature (e.g., Mili, 2000, in economics; Osif, 2000, in 
the transportation sciences). In one particular study of papers from a fisheries 
management conference, Lacanilao (1997) found that 92 percent of the total number of 
citations were to gray literature. Gray literature publications serve an important role in 
supporting the sciences (Cordes, 2004; Luzi, 2000). Research appearing as an unreviewed 
abstract or proceedings paper may yet be innovative and is oftentimes the only work on a 
particular subject. In the karst community, gray literature publications may document the 
first observations within a cave, the first identifications of new species, or the locations of 
important archeological sites.  
For 65 years the Journal of Cave and Karst Studies has provided one avenue by 
which karst scientists can place their research on permanent record and communicate 
with non-science cavers in the United States and abroad. GeoRef, a leading earth science 
citation database, classified this journal’s predecessor, the NSS Bulletin, as a non-
peerreviewed journal. This changed in 1995 with the change in name. Moreover, the 
Journal has been indexed with the Institute for Scientific Information (ISI) since 2003. 
One example of a pioneering effort to document gray elements of the karst literature is 
the bibliography of Northup et al. (1998). Published in 1998, A Guide to Speleological 
Literature of the English Language, 1794– 1996 documents 3,558 works in print 
concerning caves as of 1996. As this paper demonstrates, the growth in publication of 
karst related research has increased substantively during the succeeding decade, a fact 
that has led in part to the Karst Information Portal (KIP) initiative. As a partnership with 
karst researchers from many perspectives, the KIP promises to be a dynamic descendent 
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to the type of bibliography represented by Northup et al. (1998), providing access to 
white and gray information sources in multiple formats, a repository facility, and expert 
evaluation of key resources. 
 
The Karst Information Portal 
Scientists and information specialists from the National Cave and Karst Institute 
(NCKRI), the University of New Mexico (UNM), and the University of South Florida 
(USF), concerned about the fragmented distribution of data and literature about karst 
resources, have initiated the KIP. The intent of the KIP is to gather content and metadata 
from disparate masses of karst research into one online searchable portal and to facilitate 
communication among karst scientists. 
With an international focus, designers intend the KIP to serve as a one-stop source 
for sharing information about karst literature. The KIP will include material that is often 
hard to locate, such as technical reports, conference proceedings, theses and dissertations, 
newsletters, maps, databases, and photos of karst resources. 
Ascertaining the domain of karst literature is one vital step toward establishing the 
KIP. For instance, identifying journals that publish karst literature will assist information 
specialists in acquisitions. Tracking publication trends in karst will help plan for the 
future needs of the KIP. Understanding where karst research occurs and how the karst 
literature clusters around fields of study and subject keywords, will provide a metric by 
which administrators can assess the content of the KIP against the real distribution of 
karst literature. 
 
Exploring Karst through Online Databases 
To lay groundwork for the KIP, we undertook a survey of the existing karst 
literature. This survey, primarily conducted between October, 2005 and January, 2006, 
consisted of more than 4,300 literature searches across four major scientific databases: 
GeoRef, a leading earth-science database administered by the American Geological 
Institute (AGI); BIOSIS Previews, the medical and lifescience database of the ISI Web of 
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Knowledge owned by the Thompson Corporation; Anthropology Plus, managed by 
Eureka and combining the Anthropological Literature from Harvard University and the 
Anthropological Index from the Royal Anthropological Institute in the UK; and GPO 
Access, the primary search engine for publications published by the US Government 
Printing Office. 
Part of the goal of this study is to find out what sort of ontology best captures the 
relevant literature. Our classification of search terms is therefore somewhat rudimentary. 
We culled a list of 321 cave- and karst-related terms from the glossaries of the 
Encyclopedia of Caves (Culver and White, 2005), A Lexicon of Cave and Karst 
Terminology with Special Reference to Environmental Karst Hydrology (Field, 1999), 
and the online Glossary of Speleological and Caving Terms (ASF, 2004). 
We combined lists of terms from all three glossaries and deleted the duplicates. 
To supplement the list of 1,875 words that remained, we included a list of 30 names of 
important caves around the world, 26 fields of study related to caves and karst, 24 
geographic settings where caves and karst features are found, all seven continents with 37 
sub-regions within these continents, and 187 independent nations, former countries, and 
alternate spellings of these countries. In all, this refined list included 2,186 terms. 
From our refined list, we extracted a short list of 15 primary words likely to 
capture a large number of the English-language citations relevant to caves and karst 
studies. These words included the word stems karst, cave, and several linguistic 
variations thereof (e.g. cueva). Major related words were included in this list – spring(s), 
conduit(s), and bats, for instance. 
Next we outlined two groups of modifiers for the words in the original list. The 
higher-level group consists of locations, scientific disciplines, and settings within which 
karst might be found. For example, the terms paleontology, marine, and Romania are all 
higher-level modifiers. 
The lower-level group includes 321 keywords that would fall within the karst 
field itself (either physically or bibliographically). These are generally more specific, 
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such as sediment and model. The remaining 1,539 terms were either too specific or too 
general to capture relevant citations and were eliminated. 
One set of searches utilizes the primary terms applied to all four databases in this 
study. The second set of searches consists of each term from the two lists of modifiers, 
combined with the term cave or karst and the appropriate wildcard symbols, such as an 
asterisk (*), to capture all of the derivatives. It is important to note that the results of 
these searches are not filtered for relevance; they are presented in this paper as returned 
by the search engine. 
We performed an additional set of searches to net the entire body of citations 
related to caves or karst within GeoRef for each year between 1960 and 2005. We 
separated these by publication type and extracted a subset of peerreviewed journal 
articles. We performed similar general karst searches within the abstract archives of the 
Geological Society of America. 
 
The Domain Of Karst Literature 
Primary Terms 
The primary search term results are dominated by the term spring, which does not 
specifically refer to karst springs (Table 17). The search results for “spring” in GPO 
Access reflects the loose nature of this search engine: a search here returns hits on any 
document within all U.S. government websites. The results are not restricted to scientific 
documents; thus the term spring returns almost 350,000 citations, most of which probably 
refer to the season of rebirth, rather than a point of resurgence (Table 17). Because the 
results from this search engine appear to have little relevance to the desired body of 
literature and little advantage over a conventional websearch engine, we eliminated GPO 
Access from all subsequent searches.  
Second and third in order of prevalence in the primary search terms are the words 
karst and cave, the most general of the remaining English-based terms (Table 17). 
Citations within Anthropology Plus refer almost exclusively to caves, with comparatively 
Appendix B (Continued) 
 218 
few references to karst. BIOSIS Previews had four times more references to caves than to 
karst, whereas in GeoRef they occur about the same number of times (Table 17). 
The relatedness of terms to specific disciplines influences their distribution among 
the databases. For example, the biology-related terms bats, stygo-, and troglo- returned by 
far the most results from BIOSIS Previews, while geological terms such as carbonate 
aquifer and limestone aquifer are more prevalent in GeoRef (Table 17). 
 
Higher-Order Modifiers 
Results for the searches of higher-order modifiers are included in Tables 2 and 3, 
separated into setting, location, field of study, and subject keywords. The modifier sea 
appears as the most frequent geographic setting mentioned in karst-related GeoRef 
citations (Table 18). This is not surprising; even in studies of midcontinental karst, it is 
difficult to discuss karst development without invoking sea-level or referring to a base 
level of some sort. It should be noted that there is likely considerable overlap between sea 
and the second and third ranking geographic modifiers, marine, and island (Table 18). 
With a glance at Table 19, karst appears as a decidedly Eurocentric discipline: 
Europe is by far the most-cited continent in cave and karst references, with more than 
three times the number-two continent, Asia. However, although North America comes in 
Table 17. Search results for the primary search terms. 
bats 251 107 215 41 16 16,062 96 25,253
carbonate aquifer(s) 347 91 278 178 63 31 1 497
carso* 3,663 1,402 3,237 802 346 316 - 39,655
cave* 24,180 5,199 21,265 6,690 2,595 23,961 8,450 64,988
conduit(s) - Not all related 2,840 1,131 2,466 1,220 323 6,731 11 26,738
cueva(s) 998 210 768 380 212 178 853 451
grotte 910 89 860 163 45 63 1,813 60
grotto(s) 673 37 632 64 40 75 49 754
*karst* 27,379 6,570 23,698 10,031 3407 5,234 269 7,800
limestone aquifer(s) 1,640 390 1,375 684 235 50 - 495
*sink* 7,893 2,501 6,803 2,870 937 13,625 158 58,659
spring(s) - Not all related 71,986 29,018 65,504 31,361 4,873 87,528 1,211 349,274
*spel(a)eo* 10,452 1,748 9,563 3,410 828 696 370 621
stygo* 29 10 27 10 1 488 - 158
troglo* 84 27 70 21 5 4,853 430 1,291
GeoRef BIOSIS Anthro Plus GPO Access
Conference Books
First level search term
All Peer-Review Journal
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at a distant third place as a continent, the United States is the country mentioned the most 
times overall, with about as many citations as the continent of Europe itself (Tables A14 
and A15). These numbers surely reflect the history of karst (with its European origins), 
the distribution and impact of journals in different countries, the amount of karst 
accessible to each region, and other scientific and socio-economic influences, as well as 
vagaries of the search process. For example: 
1) There are about as many references in BIOSIS Previews to karst in Norway as there 
are references to caves in the United States (Table 20). We find that this is because of 
references to the Norwegian spruce (Picea abies (L.) Karst). Only 21 references remain 
when the species name is excluded from the search. 2) On the other hand, both France 
and Spain have anomalously large numbers of references to cave in Anthropology Plus 
(Table 20). No doubt these citations reflect a long and distinguished record of cave 
archeology, particularly as it relates to famous Paleolithic cave art at sites such as 
Lascaux and Altamira. 
The predictable partiality of each database to its own sub-discipline is clearly 
demonstrated in our search results for the fields of study (Table 21): the geology and 
geomorphology papers are in primarily in GeoRef, the biology and ecology papers are 
dominant in BIOSIS Previews, and archaeology papers comprise the majority of the 
Anthropology Plus results. 
Results for the 30 most commonly occurring keywords are presented in Table 22. 
General rather than specific keywords compose most of this list. Yet, a few more specific 
terms that refer to specific scientific methods, such as isotope, make the list. The phrase 
cave system seems to permeate biological literature, whereas phrases such as karst water 
and karst hydrology occur commonly in geological literature. 
 
Annual Publication Rates in the GeoRef Database 
Searches for karst-related GSA abstracts show continued, rapid growth of the 
field during the past ten years (Figure 25). Karst-related abstracts now constitute about  
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Table 18. Ranked summary of search results for the top five geographic settings. 
Totals
cave* *karst* cave* *karst* cave* *karst*
1 sea 741 1,249 466 191 21 1 2,669
2 marine 558 874 677 198 10 0 2,317
3 island 728 624 506 79 66 0 2,003
4 plateau 566 814 97 95 25 1 1,598
5 mountain 709 529 157 141 39 3 1,578
Locations
Search Engine
GeoRef BIOSIS Previews Anthropology plus
 
Table 19. Ranked summary of search results for all continents. 
 
Totals
cave* *karst* cave* *karst* cave* *karst*
1 Europe 8,749 10,387 1,203 1,342 435 40 22,156
2 Asia 2,415 3,671 526 183 254 2 7,051
3 North America 2,455 722 887 242 188 2 4,496
4 Africa 1,096 652 537 55 359 0 2,699
5 Australia 951 395 417 64 150 3 1,980
6 South America 530 320 294 62 28 0 1,234
7 Pacific (e.g. Micronesia) 334 199 189 25 67 1 815
8 Antarctica 0 0 0 0 0 0 0
Continents
Search Engine
GeoRef BIOSIS Previews Anthropology plus
 
 
Table 20. Ranked summary of search results for the top 25 countries. 
Totals
cave* *karst* cave* *karst* cave* *karst*
1 United States or USA 12,795 9,336 1,604 265 67 4 24,071
2 France 3,618 1,780 398 205 1,264 17 7,282
3 Germany 2,280 1,251 138 253 138 9 4,069
4 United Kingdom or UK 2,903 497 148 45 0 0 3,593
5 China 1,105 1,961 179 95 126 2 3,468
6 Spain 878 974 358 135 721 5 3,071
7 Italy 1,145 988 423 246 3 8 2,813
8 Mexico 1,016 656 422 70 217 4 2,385
9 Australia 951 395 419 64 245 3 2,077
10 Norway 295 98 48 1,629 3 2 2,075
11 Canada 1,006 600 120 92 14 0 1,832
12 U.S.S.R 547 1,063 115 72 15 0 1,812
13 Austria 978 508 69 62 55 11 1,683
14 South Africa 726 120 286 11 371 0 1,514
15 Switzerland 672 381 74 51 36 2 1,216
16 Czechoslovakia 506 489 34 106 39 19 1,193
17 Yugoslavia 216 639 168 112 31 15 1,181
18 Hungary 342 460 51 42 50 8 953
19 Poland 346 364 92 112 17 9 940
20 Slovenia 304 359 76 74 13 10 836
21 Japan 435 88 240 26 33 0 822
22 Israel 273 148 98 19 240 1 779
23 Romania 265 278 168 42 7 0 760
24 Greece 168 320 125 21 110 2 746
25 Brazil 193 177 247 42 55 1 715
Country
Search Engine
GeoRef BIOSIS Previews Anthropology plus
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Table 21. Ranked summary of search results for the top 10 fields of study. 
Totals
cave* *karst* cave* *karst* cave* *karst*
Field of study
Search Engine
GeoRef BIOSIS Previews Anthropology plus
1 geomorphology 11,554 8,736 22 32 19 3 20,366
2 geology 12,477 5,408 729 501 91 8 19,214
3 ecology 487 519 6,373 3,146 44 1 10,570
4 biology 234 70 6,332 3,855 18 0 10,509
5 arch(a)eology 1,618 409 476 27 6,592 80 9,202
6 hydrology 1,965 6,378 18 67 0 0 8,428
7 hydrogeology 2,134 3,876 5 42 1 0 6,058
8 pal(a)eontology 3,933 334 74 13 65 1 4,420
9 exploration 2,065 1,911 123 17 86 0 4,202
10 engineering 2,146 1,899 79 25 2 0 4,151 
 
Table 22. Ranked summary of search results for the top 30 subject keywords. 
Totals
cave* *karst* cave* *karst* cave* *karst*
Subject Keyword
Search Engine
GeoRef BIOSIS Previews Anthropology plus
1 system(s) 1,859 3,026 20,123 2,111 38 4 27,161
2 Vertebrat* 4,067 738 17,656 603 0 1 23,065
3 Mammal* 3,238 575 16,436 420 87 0 20,756
4 environment(s) 3,088 5,685 6,538 3,385 161 11 18,868
5 water* 4,089 10,212 1,865 1,659 6 1 17,832
6 sediment* 6,330 9,610 491 282 148 7 16,868
7 region* 3,087 5,049 6,085 2,124 189 20 16,554
8 hydro* 4,147 10,090 866 484 3 0 15,590
9 Human(s) 925 825 11,727 236 734 10 14,457
10morpholog* 1,322 938 7,906 2,017 54 2 12,239
11Cainozoic or Cenozoic 7,141 4,429 307 79 0 0 11,956
12 ground(-)water 2,803 8,333 126 271 3 3 11,539
13Quaternary 6,766 3,128 451 98 102 4 10,549
14 limestone 3,157 5,097 343 311 12 1 8,921
15 carbon* 5,528 1,088 503 522 59 3 7,703
16 development 1,400 2,315 2,579 1,240 15 3 7,552
17 strat* 3,342 2,778 812 245 297 10 7,484
18 species 581 209 4,808 1,838 8 0 7,444
19Pleistocene 3,877 1,548 1,238 180 294 9 7,146
20 deposit(s) 2,137 3,214 896 412 193 2 6,854
21 isotop* 1,785 1,574 2,733 154 41 2 6,289
22mine(s) or mining 1,248 2,935 1,162 868 55 5 6,273
23 evolution* 1,838 2,676 1,210 243 242 4 6,213
24mineral(s) 1,749 2,251 1,046 839 28 4 5,917
25 radio* 1,316 839 3,394 108 184 5 5,846
26 invertebrate(s) 289 19 4,619 907 0 0 5,834
27 aqui* 1,138 4,393 72 227 2 1 5,833
28 fossil* 2,636 674 1,654 388 412 4 5,768
29 reproduc* 57 36 5,138 424 1 0 5,656
30model* 1,277 2,374 1,517 448 28 0 5,644 
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2.5% of all GSA abstracts produced each year, more than twice the percentage in 1995. 
The pattern of peer-reviewed articles not associated with conference proceedings shows a 
slightly different profile (Figure 26). Growth of the field during the 1990s yields to a 
slight downturn after 2003. This may be evidence of a lag time of data entry in GeoRef. 
The increase in journal diversity mirrors the increase in number of articles on 
caves and karst (Figure 26). Between 1960–2005, karst articles appeared in 437 different 
peerreviewed journals. However, as is true of most scientific disciplines, the majority of 
the karst literature is concentrated in a few core journals (Bradford, 1934). The top 25 
journals account for 46% of the karst-related citations. Figure 26 shows this list of 25 
journals, ranked by the total number of karst and cave articles from 1960 to 2005. 
While karst-specialty journals account for only 8% of the peer-reviewed 
publications for this time period, it has only been in the last ten years that the Journal of 
Cave and Karst Studies, Cave and Karst Science, and Acta Carsologica have been 
included in GeoRef as peer-reviewed journals, all three with short but intense histories of 
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Figure 25. Percent of abstracts related to caves and karst at Geological Society of America 
meetings. Prior to 1985 percentages are averaged over five years. 
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Figure 26. Ranked summary of the number of cave- and karst-related publications each year by 
journal. The top graph is the number of peer reviewed journals in GeoRef that publish papers 
about caves and karst, and the lower graph is the number of peer-reviewed papers in GeoRef 
about caves and karst. Each bar graph provides information on the cave and karst publication 
history for an individual journal. 
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publishing karst papers (Figure 26). Environmental Geology, while not exclusively a 
karst journal, has a similar publication profile. The Journal of Hydrology has included 
several articles concerning karst each year for most years since its inception, making it 
the top source for karstrelated articles from 1960 to 2005. 
General science journals such as Nature and Science have a long history of 
intermittently including karst articles that are cited by GeoRef (Figure 26). These 
accumulate large numbers of karst citations through their long life spans. In the major 
geological sub-discipline journals such as Chemical Geology and GroundWater, we see a 
substantial increase in the number of articles over the past ten years (Figure 26). 
 
Concluding Remarks 
This study represents one in a series of steps to designing an information portal for the 
karst sciences; a portal that will facilitate worldwide communication on research on karst 
phenomena. The series of 4,300 literature searches that compose this study identify the 
scope of cave- and karst-related literature and the changes through time that karst 
literature experienced. Karst as a science is growing, and the past ten years encompass 
much of that growth. Our searches reveal several factors that partially explain the 
increasing volume of peer-reviewed karst literature: 
1. The karst-heavy journals achieved peer-review status; 
2. The number of journals that publish karst-related articles increased; and 
3. The number of cave and karst articles in each journal increased. 
With respect to the first point, obtaining peer-review status was a critical step for 
establishing the credibility of karst as a science. Papers in the Journal of Cave and Karst 
Studies and other karst-oriented journals now reach a much broader community of 
scientists and resource professionals, facilitated by current trends in on-line publishing. 
Furthermore, all three points reflect upon a conscious effort over several decades by 
dedicated cavers and karst professionals to advance the science to a point of acceptance 
by the greater scientific community, particularly within the earth science disciplines. 
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Overall, the numbers from this study elaborate on a statement that karst scientists are 
gratified to hear: 
Cave geology has come of age. The geological study of caves is now an 
integrated part of the geological sciences rather than a portion of an exotic 
borderland science called speleology. (White and White, 1998, p. 41) 
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Abstract 
Thirty-eight papers published in the Journal of Geoscience Education (JGE) from 
1989 through 2003 explicitly use or recommend the use of spreadsheets as part of 
classroom or field exercises, projects, or entire courses. Many of the papers include the 
spreadsheets, and some include the equations. The papers demonstrate how spreadsheets 
allow students to explore a subject through problem-oriented, interactive, and quantitative 
exercises. We provide an annotated bibliography and classify the 38 JGE papers by 
spreadsheet use, mathematics skill area, and geologic subdiscipline. Our discussion of 
five selected articles — abundance of elements in the Earth’s crust; directional properties 
of inclined strata; U-shaped valleys scoured by mountain glaciers; the Laplace Equation 
for groundwater flow; the location of our solar system within the Milky Way galaxy — 
demonstrates the huge breadth of topics in the earth science curriculum. The 38 papers 
collectively, and the five examples individually, make the point that spreadsheets 
developed for geoscience education can provide context for principles taught in courses 
of other disciplines, including mathematics. Our classification by mathematics skill area 
follows the content standards of the National Council of Teachers of Mathematics (USA) 
and may prove useful for educators seeking problems for skills-based assessment.  
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Introduction 
The National Association of Geoscience Teachers (http://www.nagt.org) is the 
principal professional organization of earth-science teachers in the US. Its publication, 
the Journal of Geoscience Education (www.nagt.org/jge.html), is the main forum in the 
US for reporting research and exchanging ideas about educating students in the earth and 
space sciences. The focus of the journal is undergraduate education, although papers 
about pre-college education are increasing in frequency. The journal, which began in 
1951, comes out now in five issues totaling 600–700 pages a year. 
The field of geology is becoming ever more quantitative. Accordingly, the 
quantitative skills of students in both majors and non-majors courses have become an 
issue (Goforth and Dunbar, 2000; Vacher, 2000b; Wagner, 2000). The NAGT sponsors 
and co-sponsors workshops to promote the sharing of ideas about growing the 
quantitative skills of students in geology classrooms. The JGE has added a column on 
Computational Geology. The Digital Library of Earth Science Education (DLESE) has 
made quantitative skills a subject area for a collection of student resources 
(http://serc.carleton.edu/quantskills/index.html.). 
As quantitative skills have come onto the radar screen for the undergraduate 
geology curriculum, there has been an increase in the number of JGE papers that involve 
geological-mathematical exercises, problems or projects. The second author compiled a 
bibliography and index of such papers published in the JGE during the 1990s (Vacher, 
2000b). That bibliography contains 212 entries, the vast majority (177) of which concern 
one or more specific classroom activities. The bibliography contains an average of 20 
papers per year for the first three years of the decade, and 25 papers per year for the last 
three years of the decade. 
At the same time as the number of papers involving mathematics has increased in 
the JGE, the number of papers involving spreadsheets has also increased since the first 
one in 1986. The first three years of the 1990s, for example, saw three papers involving 
spreadsheets; these three papers constituted 5% of the JGE papers in those three years 
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that had some mathematical content. In the last three years of the decade, there were 11 
papers involving spreadsheets, or nearly 15% of the papers that had some mathematical 
content. 
Through 2003, the JGE published a total of 38 papers that include spreadsheets in 
some way. Our purpose here is to survey these papers in the expectation that our 
colleagues in the broader education community will find spreadsheets developed for 
geoscience education to be a rich source of interesting, in-context, problem-solving 
opportunities beyond the confines of geoscience education. Our survey consists of a table 
classifying types of use and identity of subdiscipline; a selection of examples showing the 
range and diversity of the spreadsheets; and an annotated bibliography. 
 
Overview of the Bibliography 
The 38 papers (Table 23) explicitly recommend the use of spreadsheets in one or 
more stages of a geology field or classroom exercise. A few articles describe entire 
courses and the use of spreadsheets in those courses. Some papers present exercises that 
are built completely upon the use of a spreadsheet. Discussion of the spreadsheets varies, 
but most of the papers include an example spreadsheet with some description. 
The level of student involvement in the construction of the spreadsheet also 
varies. At the low end, students are expected to enter values into a “black box” program 
that the instructor has constructed. At the high end, the students are expected to take full 
responsibility for the conception and execution of a spreadsheet to solve a posed problem. 
Table 23 classifies the papers in a variety of ways: (1) the use of the spreadsheet in the 
exercise, (2) the kind of mathematics involved in the exercise, and (3) the geologic 
subdiscipline. The papers are grouped in the table by geologic subdiscipline. 
Spreadsheet use is broken into four categories. “Data manipulation,” for “Data 
entry and manipulation,” includes importing, exporting, and formatting data and arises in 
papers presenting field exercises. “Plotting,” including elementary data analysis, is used 
not only to examine data collected in some field exercises, but also to demonstrate trends 
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Table 23. Guide to bibliography of spreadsheets in geoscience education through 2003. 
Reference Spreadsheet Use N
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Geologic
Subdiscipline
Andersen, 2002 plotting X X X geochemistry
Biddle, 1995 modeling X X X geochemistry
Dutch, 1991 calculating X X geochemistry
Foos, 1997 data manipulation X X X X geochemistry
Roberts, 2000 modeling X X X geochemistry
Vacher #26, 2003 calculating X X X geochemistry
Manche and
Lakatos, 1986
calculating X X X X geochemistry
Bair, 2000 calculating X X X X X hydrology
Clapp et al., 1996 plotting X X X X hydrology
Ousey, 1986 modeling X X X hydrology
Rose, 1997 modeling X X hydrology
Saini-Eidukat, 1998 plotting X X X X hydrology
Sanders, 1994 data manipulation X X X X hydrology
Drake et al., 1997 data manipulation X X X X field geology
Dunnivant et al.,
1999
data manipulation X X X X X field geology
Ettensohn, 1997 data manipulation X X X X field geology
Panno et al, 1998 data manipulation X X X X field geology
Schlische and
Ackerman, 1998
data manipulation X X X X field geology
Vacher #15, 2001 calculating X X X field geology
Dilek et al., 1994 plotting X X X X X petrology
Holm, 1988 plotting X X X petrology
Malisetty, 1992 modeling X X petrology
Martin, 1993 modeling X X X petrology
Mayfield and
Schiffman, 1998
calculating X X petrology
Vacher #25, 2003 calculating X X X petrology
Klasner, 1992 data manipulation X X X X X geophysics
Kruse, 1995 plotting, calculating X X X X geophysics
Harbor and Keattch,
1995
modeling X X X X geomorphology
Larrieu, 1995 modeling X X X sedimentology
Soreghan, 1999 plotting X X X X sedimentology
Berger, 1997 modeling X X X oceanography
Shea, 1993 plotting X X X X X planetary
geology
Vacher #22, 2002 calculating X X X planetary
geology
Vacher #23, 2003 calculating X X X planetary
geology
Nieto-Obregon,
2001
plotting X X X historical
geology
Frey, 2003 calculating X X X X environmental
geology
Vacher #12, 2000 calculating X X X structural
geology
Vacher #14, 2001 calculating X X X X structural
geology  
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and relationships to students in classroom activities. “Calculating” refers to the repetitive 
calculations that are so handily executed with cell formulas, whether as a series of 
calculations applied to a single value, or as a single calculation applied concurrently to a 
column of values. “Modeling,” as we use the term here, is a form of calculation in which 
an array of values is used to represent a process, either spatially or temporally, or both. 
Kinds of mathematics include Number, Algebra, Geometry, Measurement and 
Data Representation, and Probability and Statistics. These categories are those of the 
bibliography (Vacher, 2000b) of the 212 articles in the JGE containing activities in 
geological-mathematical problem solving. The categories are essentially the five content 
standards promulgated in the Principles and Standards for School Mathematics published 
by the National Council of Teachers of Mathematics (http://www.nctm.org). 
Number (38 out of the 38 papers) refers to concepts of numerical representation, 
methods of counting (e.g., combinations and permutations), and methods of calculation, 
including logic. It is difficult to imagine a circumstance in which using spreadsheets 
would not involve “number.” 
Algebra refers to analysis (35/38), including calculus but mainly precalculus, 
particularly the concept and use of functions, and of course, solving and manipulating 
equations. Exercises that use spreadsheets for modeling fall naturally into this category, 
because they use functions, whether explicitly defined as an equation or not. The high 
occurrence of algebra testifies to the statement by Friedlander (1998), quoted in the 
review by Baker and Sugden (2003), “Spreadsheets build an ideal bridge between 
arithmetic and algebra and allow the student free movement between the two worlds.” 
Geometry (24/38) includes trigonometry and two-dimensional or three-
dimensional visualization. Much of geology falls under this category. It is no 
coincidence, of course, that “geometry” and “geology” have the same root. 
Measurement and data representation (26/38) involves not only the practice of 
making measurements, but also simple manipulations of those measurements, such as 
calculations and descriptive statistics. The large number of papers in this category reflects 
a goal of geoscience educators in the US to engage students with actual data. Probability 
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and statistics (10/38) includes probability and inferential statistics. The small number of 
papers in this category is consistent with the small number of papers in the same category 
in Vacher (2000b): remarkably (given the relevance of geologic hazards), there are 
relatively few papers in the geoscience education literature that build students’ 
quantitative knowledge of probability and expectation. 
Geologic subdiscipline includes 12 categories conforming roughly to the US 
geology curriculum following introductory physical geology: historical geology, 
petrology (including mineralogy), sedimentology, structural geology, geomorphology, 
geochemistry, geophysics, hydrology (including hydrogeology), oceanography, 
environmental geology, planetary and space geology (including the Earth as a planet), 
and field geology. This classification is based loosely on the categories of Vacher 
(2000b), and those used in the annual indexes of the JGE. Not all of the subdisciplines in 
Vacher (2000b) are repeated here. We have added “field geology” for papers describing 
field trips, field projects, and keystone field courses, because many of these activities 
bring together more than one geologic subdiscipline. 
 
Sampling of Uses 
Spreadsheet use is fairly evenly distributed amongst the four categories in Table 
23: calculating (13), modeling (9), plotting (9), and manipulating data (8). In order to 
illustrate the diversity of uses of spreadsheets in these articles, we give two examples of 
spreadsheets used for calculating; two for modeling; and one for plotting. The papers in 
which spreadsheets were noted for data manipulation are strongly associated with a single 
aspect of geoscience education: field geology, particularly field courses. In nearly all 
cases, these papers simply noted spreadsheets as a technique that students used or could 
use — in the standard way — to process the data from their field study. 
 
Example: Calculating the amounts of U-238 daughters in the Earth’s crust 
The spreadsheet of Figure 27 is one of a series of spreadsheets in Dutch (1991) in 
which students can calculate some geochemical “vital statistics” of the Earth. The series 
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A B C D
1 SEIRES832-U
2 NUCLIDE HALF LIFE (yrs) D.CONST AMOUNT (ppm)
3 U-238
4 TH-234 =D3*C3/C4
5 PA-234 =D4*C4/C5
6 60-E75828.2000542432-U =D5*C5/C6
7 60-E7806.800508032-HT =D6*C6/C7
8 52724000.02261622-AR =D7*C7/C8
9 RN-222 =D8*C8/C9
10 PO-218 =D9*C9/C10
11 PB-214 =D10*C10/C11
12 BI-214 =D11*C11/C12
13 PO-214 =D12*C12/C13
14 332670130.03.22012-BP =D13*C13/C14
15 BI-210 =D14*C14/C15
16 PO-210 1.829153418 =D15*C15/C16
17 PB-206
18 SYACEDHCNARB
19 80-E43.6812-TA =0.0002*D10*C10/C19
A B C D
1 SEIRES832-U
2 NUCLIDE HALF LIFE (yrs) D.CONST AMOUNT (ppm)
3 U-238 4468000000 1.55103E-10 3.60E+09
4 TH-234 0.065982204 10.50283195 5.32E-02
5 PA-234 2.23401E-06 310204.4936 1.80E-06
6 60-E75828.2000542432-U 1.97E+05
7 60-E7806.800508032-HT 6.49E+04
8 52724000.02261622-AR 1.31E+03
9 RN-222 0.010468172 66.20066693 8.43E-03
10 PO-218 5.79892E-06 119505.0098 4.67E-06
11 PB-214 5.09544E-05 13600.38358 4.11E-05
12 BI-214 3.74553E-05 18502.04467 3.02E-05
13 PO-214 5.19685E-12 1.3335E+11 4.19E-12
14 332670130.03.22012-BP 1.80E+01
15 BI-210 0.013716632 50.52260479 1.11E-02
16 PO-210 0.378863792 1.829153418 3.05E-01
17 PB-206 STABLE
18 SYACEDHCNARB
19 80-E43.6812-TA 1.09E+07 1.02E-11
3.60E+19
66.20066693
119505.0098
13600.38358
18502.04467
1.3335E+11
50.52260479
310204.4936
10.50283195
1.55103E-1
2.23401E-06
0.065982204
4468000000
0.010468172
5.79892E-06
5.09544E-05
3.74553E-05
5.19685E-12
0.013716632
0.378863792
=0.693/B19
STABLE
 
Figure 27. Spreadsheet used to calculate crustal abundances of U-238 decay series. A. Spreadsheet 
with formulas. B. Results of calculations using the equation spreadsheet above. (Adapted from [5], 
Figs. 7 and 8.) 
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of spreadsheets opens with a spreadsheet listing the chemical elements, their atomic 
weights, ionic radii, and abundance (ppm by weight) in the Earth’s crust. The second 
spreadsheet lists or calculates basic information about the Earth’s shells (continental and 
oceanic crust, mantle; outer and inner core): depth to boundaries, volume, mass, and 
average density. The third uses information from the first two to calculate the mass of 
each element in the Earth’s crust and goes on, using Avogadro’s number, to calculate the 
number of atoms of each element. The fourth combines the atom counts, ionic radii, and 
volume of the crust to calculate the volume ppm of each element, and in the process 
works out the interatomic space in the crust (41%, analogous to the porosity of loosely 
packed sand). The fifth in the series (Figure 27) calculates the crustal abundances of each 
isotope in the decay series of U-238. 
The calculation of the isotopic abundances (Figure 27A) starts with the decay 
constants of the isotopes in the decay series (Col C) and the amount of the parent isotope, 
U-238 (Cell D3). The parent abundance comes from the earlier spreadsheet of all the 
elemental abundances. One key concept for students working this problem is the relation 
between half-life and decay constant (Col C). Another key concept is how equilibrium 
abundances in the decay chain are set up by the balancing of inflows and outflows at each 
of the intermediate steps. This equilibrium produces the cell equations of Column D (the 
equations disregard the slight differences in atomic weights). A third is the concept of 
branching decay that occurs late in the decay series. The results (Col D of Figure 27B) 
provide a strong study in orders of magnitude. 
All introductory geology books note the “most abundant elements” in the Earth’s 
crust and in the Earth itself. Such rankings are de rigeur for upper undergraduate-level 
courses in geochemistry. As Dutch (1991) points out, working through these spreadsheets 
adds not only a deeper sense of the crust’s geochemical statistics, but also some 
surprises–for example, the disparity between the abundance rank by weight and 
abundance rank by number of atoms. In the process, the students get a lot of practice in 
unit conversions, scientific notation, spherical formulas (volume, surface area, shells), 
and hands-on work with density and Avogadro’s number. 
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Example: Calculating the Strike and Dip of Inclined Strata by Solving the Three-Point 
Problem 
Sedimentary strata are oftentimes spectacularly displayed as horizontal layers, as 
they are in the Grand Canyon, USA. In many places, however, they are not horizontal, 
but rather deformed into “geologic structures.” Thus the orientation of strata varies from 
place to place, and, obviously, it is essential for geologists to be able to communicate the 
precise orientation of strata at any given location. To do this, geologists use two angular 
measures: strike and dip. 
To understand strike and dip, imagine an inclined plane. The strike is the direction 
of a horizontal line embedded in the plane; the angle of choice is usually the azimuth (the 
angle [0° to 360°] measured positively clockwise from north, such that due west, for 
example, has an azimuth of 270°). The dip is the angle (0°–90°) measured downward 
from the horizontal as seen in the vertical plane perpendicular to strike. The dip angle 
needs to be coupled with a direction: for example, strata with a strike of 45° azimuth can 
have either a northwest or a southeast dip; in such cases, if the dip is 30° to the northwest, 
say, one can record the orientation as strike AZ 45° and dip 30° NW. Because strike refers 
to a line and not an arrow, a record of AZ 225° and dip 30° NW is the same orientation. 
Vertical strata have a dip of 90°. 
Just as two points define a straight line, three non-collinear points define a plane. 
Strike and dip of a stratal surface (e.g., the top of a particular sandstone formation), 
therefore, can be determined by measuring the elevation of the surface at three known 
locations. Thus results a classic three-point problem of structural geology: What is the 
strike and dip of inclined strata given the elevation of an identified surface at three 
locations (approximating the surface as a plane)? This problem is a staple of structural 
geology courses (upper undergraduate). Generally, the problem is solved graphically as a 
laboratory exercise. Commonly, the data that are used are from wells: each point 
represents where a particular well intersects the formation, and the elevations are 
determined from depths below ground of the top of a particular formation. 
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A B C D E F A B C D E F
1 1
2 2
3 3
4 x y z 4 x y z
5 A 400 1200 3400 5 A 400 1200 3400
6 B 1000 200 2700 6 B 1000 200 2700
7 C 2200 900 2400 7 C 2200 900 2400
8 8
9 9
10 =C5 =D5 1 10 1200 3400 1
11 a = =C6 =D6 1 = Eq. 1 11 a = 200 2700 1 = 7.9E+5
12 =C7 =D7 1 12 900 2400 1
13 13
14 =B5 =D5 1 14 400 3400 1
15 b = - =B6 =D6 1 = Eq. 2 15 b = - 1000 2700 1 = -6.6E+5
16 =B7 =D7 1 16 2200 2400 1
17 17
18 =B5 =C5 1 18 400 1200 1
19 c = =B6 =C6 1 = Eq. 3 19 c = 1000 200 1 = 1.62E+6
20 =B7 =C7 1 20 2200 900 1
21 21
22 =B5 =C5 =D5 22 400 1200 3400
23 d = - =B6 =C6 =D6 = Eq. 4 23 d = - 1000 200 2700 = -5.032E+8
24 =B7 =C7 =D7 24 2200 900 2400
25 25
26 26
27 z0 =-F23/F19 27 z0 3106.173
28 mx =-F11/F19 28 mx -0.48765
29 my =-F15/F19 29 my 0.407407
30 30
31 strike Eq. 5 31 strike 39.9
32 dip Eq. 6 32 dip 32.4
33 Eq. 7 33 se
34 34
35 35
    Equation 1 = MDETERM(B10:D12)
    Equation 2 = -MDETERM(B14:D16)
    Equation 3 = MDETERM(B18:D20)
    Equation 4 = -MDETERM(B22:D24)
    Equation 5 = DEGREES(ATAN(-F15/F11))
    Equation 6 = DEGREES(ATAN(sqrt((F11^2+F15^2)/F19^2))))
    Equation 7= IF(AND(D28>0,D29>0),"sw", IF(AND(D28>0,D29<0),"nw",
       IF(AND(D28<0,D29>0),"se", IF(AND(D28<0,D29<0),"ne", "on an axis"))))
 
Figure 28:.Spreadsheet to solve the three-point problem. A. Equation spreadsheet. Cell equations 
for F11, F15, F19, F23 and B33 are given in the box below the spreadsheets. B. Results of 
calculations performed using the equation spreadsheet. (Adapted from [26], Fig. 11.) 
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The three-point problem of geology is analogous to the problem in calculus of finding the 
equation of a plane given the x, y, z coordinates of three points on it. The spreadsheet of 
Figure 28 (Vacher, 2000a) shows one of the ways of solving the problem. The objective 
is to find the equation of the plane 
0=+++ dczbyax  
passing through the points (xA, yA, zA), (xB, yB, zB), and (xC, yC, zC), which are laid out in 
Block B5:D7. The spreadsheet finds the coefficients (a, b, c, d) from determinants 
composed of the coordinates of the points and columns of 1’s as shown in Rows 10-24. It 
continues with the intercept z0 and slopes mx = ∂z/∂x, my = ∂z/∂y of the plane (Rows 27-
29), and then the strike and dip (Rows 31-32). A logic formula (Cell B33) operating on 
the signs of the partial derivatives provides the discrimination of the direction of dip. This 
article on the three-point problem (Vacher, 2000a) is one of a series, Computational 
Geology, that the second author writes, which appears as a column in the JGE. As stated 
in the initial column (Vacher, 1998, p. 292), 
The intent . . . is to promote the use of mathematics in the undergraduate 
geology curriculum. . . . (Each) column will be a discussion of some 
mathematical issue in a geologic setting. It is hoped that these discussions will 
be a helpful resource from which (geoscience educators) can draw collateral 
reading material for students in classes in which mathematics is used.”  
The spreadsheet of Figure 28 was the first spreadsheet to appear in the 
Computational Geology columns. Spreadsheets are common in the columns now because 
they have proved to be such an effective way of communicating the mathematics of 
geological-mathematical problem solving. 
 
Example: Modeling the Shape of gGaciated Valleys 
U-shaped valleys are a characteristic feature of glaciated mountains. We doubt 
that there is an introductory geology textbook anywhere that does not include one or 
more striking photographs of U-shaped valleys set amongst the rugged, rocky peaks and 
ridges of Alpine mountains. The geologic story of U-shaped valleys is that former V-
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shaped, rivercut valleys were deepened into U’s by the huge erosion beneath now-
vanished glaciers. Students see before glaciation and after glaciation block diagrams and, 
in laboratory exercises, learn by drawing cross-profiles from maps to recognize the 
patterns of topographic contours that typify glaciated-mountain terrain. Harbor and 
Keattch (1995) take the experience further by having the students use a spreadsheet 
calculation to model the deepening of a glacial valley beneath a present-day glacier. 
The glacier for the study is the Athabasca Glacier in Alberta. The authors give the 
students enough information to calculate the present-day rate of downcutting (2 mmy
−1
, 
from a sediment discharge of 24,000 m
3
y
−1
, and an area of 12 km
2
). They also give the 
students a cross-section showing contours of the glacial velocities (Figure 29), noting that 
they intersect the base of the glacier and hence there are basal velocities which vary along 
the cross-section. Then, the problem is: Where is the base of the glacier after 100,000 
years of continued erosion? 
The students examine three hypotheses for the glacial scouring: 
1. The erosion rate is constant across the width of the valley. 
2. The erosion rate is directly proportional to ice thickness at each point along the 
cross-section. 
3. The erosion rate varies with the square of ice velocity at each point along the 
cross-section. 
The students divide the cross-section into twenty-two, 67m wide vertical 
segments. For the first hypothesis, they simply deepen the valley by a uniform 200 m at 
each segment. For the second and third hypotheses they do a numerical calculation, for 
which the authors recommend a spreadsheet (Figure 29). The students enter Columns B 
and E after reading the basal velocities and measuring the thicknesses, respectively, from 
the velocity cross-section. They square the basal velocities (Col C) and sum the basal 
velocities and depths (Cells C23 and E23). Next, they evaluate the constants A and B of 
the hypothesized erosion rates: 
hypothesis 2 :   E = AU
2
  (2) 
hypothesis 3 :   E = Bd  (3) 
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where E is erosion rate (my
−1
), U is basal velocity (my
−1
), d is ice thickness, A is in ym
−1
 
and B is unitless. This evaluation is possible because the students know the average 
erosion rate. Thus 
∑
=
i ii
avet
UW
EW
A
2
 (4) 
∑
=
i ii
avet
dW
EW
B  (5) 
where Wi and Wt refer to the width of a segment and the total width, respectively. 
The results are 2.1 × 10
−6
ym
−1
 and 9.5 × 10
−6
 respectively, which the students use 
in Columns D and F to calculate the new depths of the base of the glacier at each section 
location after 100,000 years of erosion. These new depths are shown in Figure 30. The 
A B C D E F
1 Section U U
2
10
5
AU
2 d 10
5
Bd
2 1 12 144 30 27 26
3 2 16 256 54 80 77
4 3 20 400 84 121 115
5 4 24 576 121 168 160
6 5 27 729 153 208 198
7 6 31 961 202 235 224
8 7 35 1225 257 255 243
9 8 37 1369 287 281 269
10 9 39 1521 319 302 288
11 10 40 1600 336 308 294
12 11 41 1681 353 322 307
13 12 42 1764 370 322 307
14 13 41 1681 353 322 307
15 14 39 1521 319 315 301
16 15 37 1369 287 302 288
17 16 33 1089 229 281 269
18 17 30 900 189 241 230
19 18 29 841 177 188 179
20 19 25 625 131 134 128
21 20 18 324 68 101 96
22 21 14 196 41 74 70
23 22 10 100 21 27 26
24 Sum 21000 Sum 461423  
Figure 29: Data and results for estimating erosion at each segment of the cross section using the 
velocity and ice-depth-based erosion laws. Segments are a uniform length (67 m) and are ordered 
starting with the lowest number segment on the left-hand side of the section shown in Figure 29.  
(Adapted from [11], Table 1.) 
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students complete the assignment by making an educated guess for the location of the top 
of the ice. 
Harbor and Keattch (1995) use this problem in an upper undergraduate 
geomorphology course that includes geology, geography, conservation, and education 
majors. According to Harbor and Keattch (1995, p. 533): 
The lab exercise ... provides an approachable introduction to ideas of form-
development modeling for undergraduates. In combination with traditional tasks 
(landform recognition and morphometry) it gives students a more balanced idea 
of glacial geomorphology, and a stronger foundation for understanding 
advanced work in the discipline. The student gets experience dealing with 
alternative process models (erosion laws), dividing continuous distributions into 
small segments for solution (the basis of many numericalmodeling approaches), 
and back-calculating constants in an equation (equation calibration). In 
discussing the limitations of the approach used in the exercise, students begin to 
think about the dangers of long-timescale extrapolation in systems with 
feedbacks between process and form, and the limitations of a form-development  
 
Figure 30: Velocity profile and new cross-sectional valley shapes calculated using each of the three 
erosion laws. The thick solid line is the original valley form. The thinner lines are velocity contours, 
labeled in meters per year. (Adapted from [11], Fig. 2.) 
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model that deals only with one geomorphic process (there are no side-slope processes 
included). 
 
Example: Modeling Groundwater Flow by Solving Laplace’s Equation on a Grid 
The water table is the top of the “zone of saturation”. Drill a well, and you 
encounter groundwater at the water table. Geologists and environmental scientists want to 
make maps of the water table for another reason besides the fact that it shows the depth 
where one encounters water-saturated rocks or soil: the map of the water table shows the 
direction and quantity of groundwater flow. The slope of the water table is an indication 
of the force driving groundwater flow. The water table is the potentiometric surface for 
the groundwater of shallow (unconfined) aquifers. 
Potentiometric surfaces of deeper (confined) aquifers are not congruent to the 
water table (or each other), indicating that there is a potential drive for water to cross the 
lowpermeability layers that separate the aquifers. Despite these complications, one can 
say that the “level” that water stands in wells open to a single aquifer (i.e., its 
potentiometric surface) is a measure of the hydraulic potential at that point. We use 
“level” in quotes here, because it is not a horizontal surface, and that’s the point. The 
potentiometric surface varies in elevation from place to place, and the groundwater flows 
accordingly. 
The key relationship is Darcy’s Law (eq 6). 
h
gk
∇−=
µ
ρ
q  (6) 
In eq (6), q is the specific discharge (volume rate of flow per unit cross section; 
proportional to velocity); k is permeability (inverse of resistance) of the porous medium; 
ρ and µ are density and viscosity, respectively, of the groundwater; g is acceleration due 
to gravity; and h∇  is the hydraulic gradient, where h is the hydraulic head, the elevation 
that water rises to in a well at the point in question (gh is the force potential). For many 
map-view flow situations, Darcy’s Law in combination with the continuity equation 
(conservation of mass) produces the well-known Laplace Equation (eq 7). 
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0
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2
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∂
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∂
∂
y
h
x
h
 (7) 
Thus, the equation applies to steady-state flow in a confined aquifer, or in an 
unconfined aquifer in which the variation in h is small relative to the thickness of the 
aquifer, and where, in each case, the aquifer does not receive or lose flows from above or 
below (recharge in the case of an unconfined aquifer; so-called leakage in the case of a 
confined aquifer). For cases involving recharge or leakage, the right-hand size is not zero, 
but rather a function of recharge (or leakage), aquifer thickness, and kρg/µ — in other 
words, the equation is the Poisson Equation. For cases where the unconfined aquifer is 
not very thick relative to the variation in h, the problem is more complicated, and, among 
other things, the Laplace and Poisson equations need to be written in terms of h2 rather 
than h. Further, it is also assumed that the porous medium is both homogeneous (same k 
from place to place) and isotropic (no directional properties for k), or otherwise the left-
hand side would be more complicated. 
In one of the very first papers mentioning spreadsheets in the Journal of 
Geoscience Education, Ousey (1986) discusses how they can be used to calculate the 
elevation of the potentiometric surface on a grid. He discusses steady-state flow in 
homogeneous, isotropic, confined and unconfined aquifers, using both the Laplace and 
Poisson equation, but concentrates mainly on the Laplace equation and confined flow. He 
discusses both specified-head and no-flow boundaries. 
The first of five, progressively more complicated (and hence more interesting) 
examples is a simple 7 × 7 grid with outer cells having a specified head (10.00m) (Figure 
31). The innermost cell is designated as a well that is being pumped so that its water level 
remains constant at 5.00m. The assignment is to calculate the head in all of the blank 
cells and then to contour the heads and draw flow lines (which are perpendicular to h—
contours in isotropic media). 
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Students solve this problem by inputting the finite-difference version of the 
Laplace equation into each cell and iterating until the values converge. The finite-
difference Laplace equation for a square cell is 
4
4321
0
hhhh
h
+++
=  (8) 
In eq (8), h0 is h at the cell in question, and h1, h2, h3, and h4 are the heads at the 
cells to the left, to the right, directly below, and directly above, respectively. In other 
words, the cell equation for the Laplace equation on a square grid says that the value at 
each cell must be the average of the four adjacent cells. Figure 32A shows the layout of 
the spreadsheet, using R + L + U + D as a shorthand for “right + left + up + down” to 
represent the relative-address references in the cells. Figure 32B shows the solution, 
which is obtained with but a few iterations. To complete the problem, the students must 
reshape the rectangular grid into a square grid to draw a flow net using the fact that flow 
lines are perpendicular to h—contours in isotropic media. The result is a symmetric cone 
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Figure 31: Water-table map showing external and internal boundary conditions for a simple 
groundwater-flow problem. Groundwater will flow from higher to lower head, so groundwater will 
flow toward the center cell, toward the hypothetical well. Each cell represents a square area of 
land. 
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of depression showing water flowing from the canals at the boundary to the fixed-head 
well at the center of the square. 
Ousey (1996) reports using spreadsheet modeling such as this in his introductory 
physical geology and environmental geology courses. He says (1996, p. 305):  
The knowledge required is simple enough to enable beginning students to 
electronically manipulate pumping wells to “see” phenomena like the 
development of a cone of depression, mutual interference of adjacent wells, or 
the effect of regional groundwater flow on the shape of a cone of depression.... 
Many students are enthusiastic enough about the exercises to continue past the 
scheduled laboratory class time in the campus microcomputer room. 
At the other end of the geology curriculum, the second author of this paper uses 
spreadsheet exercises for steady-state Laplace and Poisson solutions in his course, 
“Physical Principles of Groundwater Flow.” That course is the first of a three-course, 
graduatelevel sequence in physical hydrogeology in the Geology Department of USF. He 
likes to tell the students that several of their exercises, in which the Laplace equation is 
solved for flow in cross-sectional views, are identical to those in Allan Freeze’s PhD 
A B C D E F G
1 10.00 10.00 10.00 10.00 10.00 10.00 10.00
2 10.00 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 10.00
3 10.00 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 10.00
4 10.00 =(R+L+U+D)/4 =(R+L+U+D)/4 5.00 =(R+L+U+D)/4 =(R+L+U+D)/4 10.00
5 10.00 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 10.00
6 10.00 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 =(R+L+U+D)/4 10.00
7 10.00 10.00 10.00 10.00 10.00 10.00 10.00
A B C D E F G
1 10.00 10.00 10.00 10.00 10.00 10.00 10.00
2 10.00 9.67 9.35 9.13 9.35 9.67 10.00
3 10.00 9.35 8.59 7.83 8.59 9.35 10.00
4 10.00 9.13 7.83 5.00 7.83 9.13 10.00
5 10.00 9.35 8.59 7.83 8.59 9.35 10.00
6 10.00 9.67 9.35 9.13 9.35 9.67 10.00
7 10.00 10.00 10.00 10.00 10.00 10.00 10.00  
Figure 32. Spreadsheet solution to the Laplace Equation. A. Equation spreadsheet. (R+L+U+D) is a 
shorthand referring to relative cell references. In cell B2, for instance, the complete equation is 
=(C2+A2+B1+B3)/4. B. Values resulting from calculating the equation spreadsheet. (Adapted from 
[17], Figs. 1 and 2.) 
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dissertation (Freeze and Witherspoon, 1966, 1967). That work was a monumental 
breakthrough at the time, requiring mainframe computer capabilities and very efficient 
program coding (back in the days of decks of computer cards and overnight waits for 
results). Now, with spreadsheets, students can solve such problems in an instant at their 
desktops or on their laptops. In the process, they get incomparable insight to flow patterns 
and how those flow patterns are affected by various parameters and boundary conditions. 
The students also get excruciating practice in contouring, because computer-contouring 
packages are not allowed in the course. The purpose of the course, including the hand-
contouring, is for students to grapple with the fundamentals before setting foot into the 
land of off-the-shelf groundwaterflow packages. 
Regarding off-the-shelf groundwater-modeling packages, the paper by Ousey 
(1996) can be usefully considered as one of a pair of companion pieces on the subject. 
Ousey (1996) is the education-oriented piece. The other is an appropriately technical 
paper (Olsthoorn, 1985) in a journal for groundwater professionals. The theme of that 
paper — and this theme was seconded by Ousey (1996) — is that spreadsheet programs 
are sufficiently powerful and intuitive that one can build and run a (2D) model, so long as 
it is not too complex, in just a couple of minutes. Paraphrasing Olsthoorn (1985, p. 381): 
I will show you how any hydrologist can build groundwater models using the 
same piece of general software that one may use to do the bookkeeping for the 
golf club. 
 
Example: Astronomically Speaking, Where Are We? 
Jim Shea, for 25 years the Editor of the JGE, pushed hard for rigor in the geology 
curriculum. A favorite theme was that quantitative skills were not sufficiently 
emphasized. In this regard, his article (Shea, 1990) calling attention to the diminishing 
number of equations and other signs of mathematics in introductory geology textbooks is 
a classic. His paper on the size of the Milky Way (Shea, 1993) presents one of many 
exercises he developed that were, he says (p. 490), “designed to encourage students in my 
introductory earth-science class to become more active and involved in their own 
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learning rather than simply being told what is true and good.” Continuing, he says that 
the exercise illustrates his intention to develop exercises that are “related to some 
fundamental advance in earth science that is important to the development of our modern 
view of the earth and its place in the grand scheme of things.” 
The exercise, which is included in Shea (1993) as a two-page handout for 
students, gives the x, y, z Earth-origin coordinates of 77 globular clusters in the Milky 
Way. Globular clusters are spherical collections of as many as a million stars, and were 
used by Harlow Shapley in the early 1900s as a means of determining the size of the 
Milky Way galaxy and our position in it. The main part of Shea (1993) is background 
information about the exercise, including a recount of the history and a table giving the 
celestial coordinates (right ascension and declination), luminosity, brightness, and 
distance of the 77 clusters. He also includes the equations by which we (or our students) 
can calculate the distance from the luminosity and brightness, and the x, y, z coordinates 
from the distance, right ascension and declination of the 77 clusters. 
The exercise asks the students to plot the 77 globular clusters on xy, xz, and yz, 
scatter plots (Figure 33). It also asks the students to calculate the x, y, z coordinates of the 
center of the clusters (i.e., the center of our galaxy), the distance across the long 
dimension of the galaxy, and our distance from the center of the galaxy. 
 
 
Figure 33. Plots of the Milky Way globular clusters in the xy, xz, and yz planes. Earth is at point (0, 
0, 0), but not at the center of the Milky Way. Coordinates are given in kilolightyears (kly). 
(Adapted from [21], Figs. 1, 2, and 3.) 
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Discussion and Conclusion 
The Curriculum Renewal Across the First Two Years (CRAFTY) subcommittee 
of the Committee on the Undergraduate Program in Mathematics (CUPM) of the 
Mathematics Association of America (MAA) organized a series of workshops to gather 
input from faculty in non-mathematics disciplines on the needs in these disciplines for 
early-university mathematics education. The series included separate, discipline-based 
workshops with faculty from a wide range of fields including biology, business and 
management, chemistry, physics, four different kinds of engineering, health-related life 
sciences, and several others, although strangely not including earth science. 
The workshops produced a wealth of information in individual reports which the 
organizers have put together in an extraordinarily interesting volume (Ganter and Barker, 
2004). Appropriately, the editors titled their introduction “A Collective Vision: Voices of 
the Partner Disciplines.” Among the many nuggets in this introduction, one in particular 
will resonate with readers of this journal: “Emphasize the use of appropriate technology.” 
Under that heading, there is the following (Ganter and Barker, 2004, p. 7): 
A ... surprising statement from workshop participants was that spreadsheets are 
the technology of choice for a large number of partner disciplines. Although 
individual workshop reports stopped short of recommending spreadsheets as the 
primary technology in mathematics instruction, their widespread use is relevant 
to the technology choices made in mathematics courses that primarily serve 
other disciplines. 
In the next paragraph, the editors went on to report the related finding: graphing 
calculators were not important to the educators in the partner disciplines. According to 
them (Ganter and Barker, 2004, p. 7), “if calculators are chosen as the technology for a 
mathematics course, it must be understood that this is done for pedagogical reasons, not 
to support uses in other disciplines.” 
From our review of the Journal of Geoscience Education, we can definitely assert 
that the same is true in earth science education. As we have said, we found 38 articles 
specifically at least noting the use of spreadsheets. We don’t recall any mention of 
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graphing calculators. There was a handful of references to STELLA, and even fewer to 
MATLAB, Mathematica and the like. 
It will be no surprise to readers of eJSiE that geoscience educators (and educators 
in other partner disciplines) have gravitated to spreadsheets. The virtues of using 
spreadsheets as teaching tools are forcefully presented by Baker and Sugden (2003) in the 
kickoff issue. These virtues are resoundingly illustrated by the collection of articles from 
the JGE. In particular, after reviewing these articles, we note:  
1. Spreadsheets allow educators to move away from instructivist teaching: they 
“promote more open-ended investigations, problem-oriented activities, and active 
learning by students” (Baker and Sugden, 2003, p.21, quoting Beare, 1992). 
2. Spreadsheets “provide insights into the ... context without necessitating 
attention to extraneous distractions” (Baker and Sugden, 2003, p.21, quoting Relf and 
Almeda, 1999). 
3. Spreadsheets, or more accurately, the building of spreadsheets, promotes 
abstract reasoning by the learner (Baker and Sugden, 2003, p.21). 
4. Spreadsheets “are interactive; they give immediate feedback to changing data 
or formulae; they enable data, formulae and graphical output to be available on the screen 
at once; they give students a large measure of control and ownership over their learning” 
(Baker and Sugden, 2003, p.21, quoting Beare, 1993). 
5. Spreadsheets save time. “The time gained can then be spent on investigating ... 
the so-called what-if scenarios. There is huge scope for investigation of dependence on 
parameters in almost any spreadsheet model....” (Baker and Sugden, 2003, p.24). 
All these points argue, of course, that geoscience education has been, and will 
continue to be, well served by incorporating spreadsheets across the geoscience 
curriculum. But there is a flipside as well. Spreadsheets in geoscience education can 
facilitate mathematics education. 
Many mathematics educators are advocating for mathematics in context. 
“Connections” is a benchmark process standard of the NCTM Principles and Standards 
for School Mathematics. The surging interest in Quantitative Literacy (Shea, 1990; Steen, 
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1997, 2001) is leading to efforts to promote mathematics across the curriculum 
(Richardson and McCallum, 2003), to break down disciplinary boundaries, and to form 
partnerships, even “conspiracies”, between mathematics and nonmathematics educators 
(Hughes-Hallet, 2003). It was with good reason that the CUPM of the MAA 
characterized their investigatory workshops as “Voices of the Partner Disciplines.” We 
are biased, of course, but we are happy to argue that earth and space science offers hugely 
interesting context. As illustrated by these 38 papers, the range is tremendous. If 
mathematics educators are looking for examples, case histories, and ideas to adapt to 
their own uses, then check out the articles in the following annotated bibliography and 
watch for more as the JGE continues to publish spreadsheets in geoscience education. 
 
Annotated Bibliography of Spreadsheets in the Journal of Geoscience Education 
(JGE) through 2003 
1. Andersen, C. B. (2002). Understanding carbonate equilibria by measuring 
alkalinity in experimental and natural systems. JGE 50: 389—403. A classroom exercise 
involving the examination of Bjerrum curves helps to introduce the concept of carbonate 
equilibria. Spreadsheets enable students to construct a Bjerrum plot and theoretical 
titration curve and graph the gran function. In the suggested exercise, students must 
derive equations for the plots, construct titration curves and compare them with the 
Bjerrum plot. 
2. Bair, E. S. (2000). Developing analytical and communication skills in a mock-
trial course based on the famous Woburn, Massachusetts case. JGE 48: 450—454. 
Student involvement in a mock trial in an undergraduate geology course includes 
analyzing photographs, well logs, streamflow records, permeability tests, and waterlevel 
and water-quality data and presenting a case for or against the contamination of 
groundwater by corporations inWoburn, Massachusetts. The paper suggests using 
spreadsheets to compute flood intervals. It shows the spreadsheet but does not discuss it 
in detail. 
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3. Berger, W. H. (1997). Experimenting with Ice-Age cycles in a spreadsheet. 
JGE 45: 428—439. The construction of a “Milankovitch Machine,” which models the 
development of ice ages, allows students to explore the fundamentals of Milankovitch 
theory and consider major questions concerning climate change. Spreadsheet equations 
elaborate a set of four rules that produce a relatively accurate version of the ice record. 
Students can plot a sea-level index curve from the results of this spreadsheet and then, by 
changing the parameters in the spreadsheet, model the change in nature of the ice-age 
cycles at about 900,000 years ago. The paper includes an extensive background 
discussion for this in-depth exercise. 
4. Biddle, D. L. (1995). Ion activity and speciation in environmental 
geochemistry. JGE 43: 507—510. An exercise involving the titration of alkalinity 
includes a spreadsheet that calculates the ionic concentrations and activities in a solution 
containing calcium and sulfate. The description of the exercise focuses on the 
mathematical basis of the calculations and does not describe the titration methods. The 
paper includes an example spreadsheet and gives the cell equations. 
5. Clapp, E. M., Bierman, P. R., Church, A. B., Larsen, P. L., Schuck, R. A., and 
Hanzas, Jr., P. H. (1996). Teaching geohydrology through analysis of ground-water 
resources and glacial geology in northwestern Vermont. JGE 44: 45—52. An 
undergraduate hydrogeology class participated in a study of contamination in confined 
glacial aquifers. Students entered location data to spreadsheet software and exported them 
to contouring and cross-section packages. 
6. Dilek, Y., Thomas, R. C., and Whitney, D. L. (1994). Team-teaching petrology 
in a tec tonic context. JGE 42: 25—31. An upper-level petrology course may combine 
traditional hand-sample and thinsection techniques with computer modeling and 
graphical analysis to allow students to examine crustal processes in a tectonic setting. The 
article mentions the use of spread sheets to create various plots. It does not show or 
discuss the spreadsheets. 
7. Drake, J. C., Worley, I. A., and Mehrtens, C. J. (1997). An introductory-level 
field-based course in geology and botany. JGE 45: 234—237. Students in an usual 
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interdisciplinary course in geology and ecology use spread sheets to keep and analyze 
tree data, construct channel cross sections and calculate discharge. The article does not 
show the spreadsheet nor discuss it in depth.  
8. Dunivant, F. M., Newman, M. E., Brzenk, R., Moore, A., and Alfano, M. J. 
(1999). A comprehensive stream study designed for an undergraduate non-majors course 
in earth science. JGE 47: 158—165. This interdisciplinary stream study incorporates a 
field task, a period of analysis, and an integrated summary. The paper suggests using a 
spreadsheet to manage the data and calculate the stream discharge and shows an example. 
It does not discuss the spreadsheet. 
9. Dutch, S. I. (1991). Geochemical calculations using spreadsheets. JGE 39: 
127—132. Spreadsheets are effective in creating modules for calculating elemental 
abundances, equilibrium abundances in nuclear decay chains, and isochrons. The paper 
gives a de tailed description of the construction of spreadsheets to perform these 
calculations in Lotus 1-2-3. It includes tables of formulas and values for students to use 
spreadsheets to calculate the mass and volume of the layers of the earth; atomic volumes 
in the earth’s crust; U-238 decay series abundances; and isochron ages. 
10. Ettensohn, F. R. (1997). An experiment in collaborative mapping at geology 
field camp. JGE 45: 229—234. An alternative field camp exercise involving a mock 
contracting company enhances the field camp experience by setting up a business-like 
framework in which mapping assignments are carried out. The paper mentions using 
spreadsheets but does not discuss them. 
11. Foos, A. M. (1997). Integration of a class research project into a traditional 
geochemistry lab course. JGE 45: 322—325. A semester-long class research project on 
aqueous geochemistry can be used to illustrate specific topics and provide students with 
research experience. The project includes a field segment, analysis of collected samples, 
examination of data quality, and presentation of results. The paper suggests using 
spreadsheets for data manipulation; it does not discuss them in detail. 
12. Frey, S. T., Moomaw, W. R., Halstead, J. A., Robinson, C. W., Marsella, K. 
A., Thomas, J. J. (2003). Home energy conservation exercise. JGE 51: 521—526. This 
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article describes an exercise in which students calculate and modify the heat loss for a 
simulated house using the insulating capacities of various additions to the house, such as 
weather stripping and storm doors. The authors suggest the use of a spreadsheet to work 
the problem and give the necessary equations. 
13. Harbor, J. M. and Keattch, S. E. (1995). An undergraduate laboratory exercise 
introducing form-development modeling in glacial geomorphology. JGE 43: 529—533. 
A cross-sectional model of ice flow and valley profile development in the Athabasca 
Glacier serves both as an introduction to spreadsheet modeling and an interactive 
teaching tool for examining the effects of flow and valley shape on erosion rates in 
glacial valleys. Students construct a model along the glacial valley cross-profile, calculate 
erosion rates using information from a velocity contour cross-section, and generate a new 
valley cross-profile from the total erosion after 100,000 years. The use of spreadsheets 
allows students easily to test the effects of three alternative equations governing erosion. 
14. Holm, P. E. (1988). Triangular plots and spreadsheet software. JGE 36: 157—
159. One can create triangular plots with spreadsheet graphing functions if the 
concentrations of the three components are converted to (x, y) coordinates. This article 
shows how to make the transformation, and how to construct the triangle and field 
boundaries and label the chart. 
15. Klasner, J. S., Crockett, J. J., and Horton, K. B. (1992). Hands-on teaching 
through a student field project in applied geophysics. JGE 40: 53—61. Students in an 
undergraduate geophysics class must complete a field project incorporating magnetic, 
gravity, and radiometric studies. The article recommends entering geophysical readings 
into spreadsheets for data reduction but does not show or discuss them. 
16. Kruse, S. E. (1995). Using cooperative-learning methods to teach quantitative 
material in an undergraduate geophysics course. JGE 43: 357—360. Group projects and 
discussions draw students into quantitative discourse and analysis in an undergraduate 
geophysics course. The paper notes the use of spreadsheets but does not elaborate. 
17. Larrieu, T. L. (1995). Basin analysis with a spreadsheet. JGE 43: 107—113. 
“Backstripping analysis”, the quantitative analysis of basin subsidence rates through time, 
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makes an instructive exercise when performed with a spreadsheet equation solver. 
Newton’s method approximates the solution to the “decompaction equation”. The article 
shows how to organize the spreadsheet, interpret the results, and attribute compaction to 
one of several different subsidence mechanisms. 
18. Malisetty, M. R. (1992). Use of a spreadsheet in teaching the CIPW norm. 
JGE 40: 237—240. Students can use the spreadsheet program described in this article to 
calculate the “probable mineralogy” of an igneous rock from its chemical composition: 
they enter the weight percentages of 11 oxides and obtain the normative percentages of 
16 minerals. Performing these calculations in a spreadsheet requires that a simplified 
version of the traditional equations be used. The article does not include the equations or 
instructions for building the spreadsheet; instead, the author invites readers to request a 
copy of the spreadsheet. 
19. Manche, E. P., and Lakatos, S. (1986). Obsidian dating in the undergraduate 
curriculum. JGE 34: 32—36. The thickness of alteration rims in thin sections of obsidian 
samples depends upon hydration rate and age of the rock. This article describes an 
undergraduate laboratory exercise, includes an account of the hydration process, and 
shows an example spreadsheet used for calculations. 
20. Martin, B. S. (1993). Interactive modelling of open magma systems with 
spreadsheets. JGE 41: 164—169. Three alternative petrogenetic models describe the 
interaction of fractionation, assimilation, recharge, and eruption during plutonism. 
Students can use a spreadsheet to calculate and graph an example geochemical suite 
based on each model. The paper describes the equations governing the model and shows 
an example table of values. 
21. Mayfield, J. D., and Schiffman, P. (1998). Measuring the density of porous 
volcanic rocks in the field using a saran coating. JGE 46: 460—464. Calculating the 
density of a tuff in this introductory-level field exercise involves weighing the rock 
samples and coating them with plastic before immersing them in water to find the 
volume. The paper includes but does not discuss the spreadsheet used for calculations. 
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22. Nieto-Obregon, J. (2001). Geologic timescales, maps, and the 
chronoscalimeter. JGE 49: 25—29. A chronoscalimeter is a circular graph which 
compares any span of time to a 24-hour interval. One can construct a chronoscalimeter 
with a spreadsheet program by entering labels and time spans into the spreadsheet and 
using a “ring” graph. Instructions include a sample spreadsheet and the resulting graph. 
23. Ousey, Jr., J. R. (1986). Modeling steady-state groundwater flow using 
microcomputer spreadsheets. JGE 34: 305—311. Spreadsheet cells form a finite-
difference grid to calculate water levels in a well drawdown exercise. Examples 
demonstrate the broad application of this technique. The examples include horizontal 
confined aquifers; horizontal unconfined aquifers; an unconfined, inclined aquifer with a 
plume of contamination; and a cross-sectional regional groundwater model. The paper 
addresses the choice of boundary conditions and gives the basic expressions used in the 
spreadsheets (verbally; not in equations). 
24. Panno, S. V., Hackley, K. C., and Nuzzo, V. A. (1998). Teaching 
multidisciplinary environmental science in a wetland setting. JGE 46: 157—163. This 
paper mentions the use of spreadsheets to process and manage data in an inter-
disciplinary environmental field course. It does not discuss the spreadsheets in depth. 
25. Roberts, S. J. (2000). Using a spreadsheet to introduce aqueous-speciation 
calculations to geochemistry students. JGE 48: 203—208. Developing a spreadsheet to 
calculate the distribution of aqueous species helps students understand equilibrium 
constants and the concept of speciation. The calculation uses an iterative technique 
wherein the concentrations of all species containing a particular element are calculated 
and recalculated until the concentrations of the element converge and mass-balance 
equations are satisfied. This paper describes the algorithm used to construct the 
spreadsheet and gives the theoretical background, a version of the spreadsheet showing 
calculated values, and a version with equations. 
26. Rose, S. E. (1997). A spreadsheet approach to the hydrologic cycle. JGE 
45:369—372. Building a spreadsheet solution to a hydrological cycle flow chart requires 
that students convert hydrologic cycle processes from a schematic diagram to a tabular 
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format. Given a flowchart with flux percentages and a starting precipitation, students 
create a spreadsheet to calculate the runoff due to baseflow, interflow, and overland flow. 
Adjusting the evapotranspiration imitates the effects of global climate change. The paper 
includes a copy of the assignment and gives background information. 
27. Saini-Eidukat, B. (1998). A WWW and spreadsheet-based exercise on flood-
frequency analysis. JGE 46: 154—156. This exercise utilizes data downloaded from the 
USGS National Water Information System (now the National Streamflow Information 
Program) and plotted using a spreadsheet. Students produce and analyze flood-frequency 
plots for various rivers in the United States, calculate the recurrence interval using the 
Weibull equation (given and explained in the paper), and answer a series of questions 
about the data. 
28. Sanders, L. L. (1994). A problem-based graduate-level course in practical 
hydrology. JGE 42: 337—344. In a graduate-level hydrology class employing 
cooperative-teaching strategies, students collected and analyzed data for a single 
watershed using spreadsheets. The article does not detail the spreadsheet use. 
29. Schlische, R. W. and Ackermann, R. V. (1998). Integrating computers into the 
field geology curriculum. JGE 46: 30—40. Students in a capstone field course generate 
geologic maps and topographic profiles from GPS data using several different computer 
programs. The paper concentrates more on programs such as CANVAS and 
STEREONET; however, EXCEL is used to create and sort data tables. 
30. Shea, J. H. (1993). An exercise for introductory earth science classes on using 
globular clusters to determine the size of the Milky Way and our position in it. JGE 41: 
490—496. This paper describes a plotting exercise in which students start with 
coordinates of globular clusters in the MilkyWay and then plot their location using a 
spreadsheet. The coordinates come in either of two forms: (x, y, z) coordinates, which 
may be used as they are, or equatorial coordinates, which need to be converted to (x, y, z) 
coordinates before plotting. Students must decide the best way to estimate the size and 
center of the galaxy (applying different averaging techniques) and decide how close the 
Earth is to the center of the galaxy. 
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31. Soreghan, G. S. (1999). A multi-week basin-analysis lab for sedimentary 
geology. JGE 47: 135—142. This sedimentary lab involves the analysis of sedimentary 
facies, paleocurrents, sub-surface data, paleogeography, bio- and magnetostratigraphy, 
and subsidence curves. The article shows but does not discuss a spreadsheet used for 
plotting data. 
32. Vacher, H.L. (2000). Computational Geology 12 — Cramer’s rule and the 
three-point problem. JGE 48: 522—532. Applying Polya’s heuristic results in several 
computational solutions to the classic three-point problem (find the attitude of a plane 
given three points within that plane). A spreadsheet shown and discussed in the article 
solves the problem in three dimensions using Cramer’s Rule. This spreadsheet accepts as 
input the coordinates of the three points. It calculates the partial derivatives in the x and y 
directions, the z intercept, and the corresponding strike and dip of the inclined plane. 
33. Vacher, H. L. (2001). Computational Geology 14: The vector cross product 
and the three-point problem. JGE 49: 72—82. A discussion of the mathematical (and 
vector) basis for the three-point problem in this paper includes an explanation of how to 
solve a variant of it using weighted averages in both two and three dimensions. The 
accompanying spreadsheet calculates the height of an interior point of a triangle first by 
plugging the coordinates of the interior point into the slope-intercept form of the equation 
for the plane, then by a weighted average. 
34. Vacher, H. L. (2001). Computational Geology 15: More mapping with 
vectors. JGE 49: 190—192. The first part of this paper describes the trigonometric 
solution to a triangulation problem and demonstrates a spreadsheet to convert between 
bearings and azimuths. A second section of the paper includes a spreadsheet that 
calculates the coordinates of points on a map. Both spreadsheets include cell values and 
formulas. 
35. Vacher, H. L. (2002). Computational Geology 22: Pie slices and circular arcs. 
JGE 50: 610—619. The discussion of a word problem concerning fractions of a circle 
relates to such fundamental ideas as the definition of a radian and historical use of pie 
slices and arcs by Kepler and Eratosthenes. A rigorous examination of solutions to this 
Appendix B (Continued) 
 257 
problem includes solving the word problem using a spreadsheet. The paper discusses the 
equations used in the spreadsheet and gives a spreadsheet table of values. 
36. Vacher, H. L. (2003). Computational Geology 23: The earth is curved! JGE 
51:127—139. As part of a discussion of the curvature of the earth, a spreadsheet is used 
to find true altitude from apparent altitude. The paper discusses parallels, meridians, and 
the history of navigation. Discussion of the calculations with the spreadsheet includes a 
table of values. 
37. Vacher, H. L. (2003). Computational Geology 25 — Quantitative literacy — 
Drug testing, cancer screening, and the identification of igneous rocks. JGE 51: 337—
346. A discussion of probability, or more specifically, the “mathematics of false 
positives,” is an often-overlooked mathematical concept that has applications in many 
different areas. Spreadsheets calculate the uncertainty of test (or diagnostic) results given 
the base rate (or prevalence) and the accuracy of the test. The paper shows the 
spreadsheets and gives the matrix of formulas used to create them. 
38. Vacher, H. L. (2003). Computational Geology 26 — Mathematics of 
radioactivity— When the Earth got old. JGE 51: 436—445. A brief history of radiometric 
dating leads into a discussion of the Rutherford equation dN/dt = −λN , the concept of 
half-life, and the dating of rocks using the concept of radioactive decay. Spreadsheets in 
the article demonstrate both Boltwood’s and Rutherford’s historic calculations of huge 
geologic ages. Discussion of the spreadsheets includes the equations. 
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